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 i 
Abstract 
This study deals with the progressive collapse of full scale square-on-square double-layer 
space truss (DLST) systems. The failure of certain space structures in recent years, ranging 
from a lattice dome in Romania, Burcharest 1963 to the DLST in Hartford USA, 1978 and 
the recent collapse of the Sultan Zainal Abidin Stadium, a double-layer space frame 
constructed in Malaysia, 2009, gives an insight into how sensitive some space structures 
are to progressive collapse. These tragic incidents have provided very valuable lessons for 
designers of the importance of understanding progressive collapse in these structural 
configurations. By understanding what caused such failures engineers may avoid any 
reoccurrence and in addition help to develop safer structures. Hence, a study of this 
particular problem has been conducted and the results obtained are presented in the thesis.  
Evaluation on the consequences of progressive collapse leads to the determination of 
structural Vulnerability Index due to sudden loss of an individual member (Case 1) or losses 
of members progressively (Case 2). In order to trace the collapse behavior a nonlinear 
analysis subject to increasing applied load was used. However, it is difficult for engineers 
to perform this nonlinear analysis due to its complexity. Hence, a simple linear analysis as 
an alternative method was used whereby assessment of Vulnerability Index using linear 
analysis is carried out using two different approaches, i.e. Rate Factor and Probabilistic 
Approach. Since a DLST has large number of members which correspond to a large data 
set, hence, these two proposed approaches are suitable. A close statistical correlation 
between both approaches indicates that there is a high correlation between both approaches. 
To ensure reliability of the proposed approaches, their results are compared using nonlinear 
collapse analysis and the results are found to be in good agreement. The solution strategy 
used to analyse the full scale models was first tested using small scale models. The 
numerical results of the small scale models have been verified with pre-existing 
experimental results and good agreements between the results are obtained. Behavior of 
each DLST member and also the overall structural behavior can be obtained from the 
nonlinear analysis. There are three different boundary conditions of the DLSTs considered. 
Vulnerability of the DLSTs susceptible to progressive collapse are identified and then are 
compared for the identification of efficient structures. The Vulnerability Index of the DLST 
helps engineers to discover failures that may occur due to damage or loss of its members. 
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Chapter 1 
1 Introduction  
1.1 Introduction 
 
The development of space structures has really played a major role in engineering design, 
allowing architects and engineers to push the boundaries to design even bigger and more 
exciting structures. A double-layer space truss (DLST) is a popular form of space frame 
which has received much attention in the past few decades due to its efficient structural 
system which can cover large column free area. Applications of double-layer space 
structure are numerous and include the notorious Hartford Coliseum space roof truss in 
Connecticut USA. However, the catastrophic failure of this particular space roof truss in 
1978 resulted in extensive research on the progressive failure of space trusses (Makowski, 
1981; Martin, et al., 2001; Murtha‐Smith, 1999). Obviously, the aftermath of any building 
collapse is disastrous and very unfortunate, however, the failure of the Coliseum roof along 
with other failures in more conventional structures has led structural engineers to realise 
the importance of progressive collapse in buildings (Kaewkulchai & Williamson, 2004). 
However, although past codes of practice provide design procedures for very long bridges 
and vulnerable structures, recent codes still lack general applicability to double-layer grids. 
Although DLSTs have a high degree of statical indeterminacy, not all of them are robust, 
as it has been found that even a loss of one critical member could trigger the collapse of the 
entire structure. An example of this vulnerability is what happened to the crest shaped 
football stadium built in Terengganu, Malaysia which had a double-layer space roof truss 
shown in Figure 1.1. The stadium collapsed one year after its completion on 2nd June 2009. 
It was reported that the stadium collapsed just as the main contractor was about to replace 
a number of critical buckled members (Zainuddin, 2009). Apparently, the awareness of 
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such a failure has rarely been appraised, as the stadium collapsed again for the second time 
on 20th February 2013 while the stadium was undergoing the rebuilding process shown in 
Figure 1.2 (Malaysiakini, 2013). Thus, it is necessary to study the progressive collapse 
behaviour of DLSTs. 
 
 
Figure 1.1 Photo of the collapsed Sultan Mizan Zainal Abidin Stadium, Malaysia, 2009 
(WorldArchitectureNews.com, 2009) 
 
 
Figure 1.2 Photo of the collapsed Sultan Mizan Zainal Abidin Stadium, Malaysia, 2013, 
(Malaysiakini, 2013) 
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It is important to understand that the collapse behaviour of double-layer space trusses is 
essential, before carrying out the design of the structure. By identifying the ultimate load 
and failure modes of the truss structure after a non-linear analysis, designers can design the 
space truss with a suitable factor of safety between the working and collapse loads. Because 
a double-layer space truss is usually a highly statically indeterminate structural system, 
there may be a mistaken belief that a large number of members can fail before a complete 
collapse of the structure is imminent. However, this is not necessarily true and the failure 
of just one member can result in the progressive collapse of the entire structure. The failure 
modes associated with any particular double-layer grid can be due to yielding of tension 
members and, more critically, buckling of compression members and also failure of the 
connections. It is also very dependent on the particular type of grid for example square-on-
square, square-on-diagonal, diagonal-on-square and also the support conditions. As the 
sophistication of finite element software has developed in recent years, more engineers 
have become involved in using finite element simulation to undertake various types of 
progressive collapse analysis. It is preferable to use finite element simulation to undertake 
a full non-linear collapse analysis of important space structures because experimental used 
to appraise these structures is both costly and tedious. 
1.2 Problem Statement  
Many of the earlier researchers, such as Collins (1981) and Parke (1988) investigated the 
collapse behaviour of space structures, both theoretically and experimentally. Parke studied 
the progressive collapse of double-layer grids and the possibility of improving space truss 
collapse behavior, while Collins studied strut post buckling and the associated collapse 
behaviour of double-layer grids. Both of these researchers provided a base on which more 
in depth studies of double-layer grid collapse behaviour can be developed. The catastrophic 
collapse of some double-layer grids makes it necessary to model the full non-linear 
behaviour of the grids in order to determine the true safety factor on the critical loading 
condition. There are many factors which serve to complicate modeling of the non-linear 
response of space structures, for example determining the full non-linear material 
characteristics and also predicting the redistribution of forces after the progressive failure 
of compression members (Collins, 1981; Parke, 1988). Often, several load effects occurring 
Chapter 1 – Introduction 
  
List of Tables 
 
4 
 
in a structure need to be carefully appraised in the structural design especially for important 
long span space truss structures as tragic events concerning their collapse still continue to 
happen on rare occasions. One way of avoiding this problem is to model accurately the 
geometry, boundary conditions, connection and material nonlinearities in the finite element 
analysis. In this present study, the method used to develop the nonlinear finite element 
model is able to predict the response of double–layer space trusses sensitive to progressive 
collapse. If the finite element modeling approach adopted proves useful, it will be used in 
future work to predict the progressive collapse behaviour of double-layer space truss taking 
into consideration different support conditions and various span to height ratios including 
automatic removal of one or more highly stressed members.  
 
Double-layer grids are used to cover large spans with few or even no intermediate supports. 
This is possible partly because double-layer grids are usually highly statically indeterminate 
where point loads are distributed widely within the structure (Parke, 1988). A correctly 
designed double-layer space truss can usually carry load through its interconnected 
structural members even after the failure of the first compression member, possibly 
possessing a reserve of strength beyond its elastic capacity. In general, it is appropriate to 
consider the elastic load displacement behaviour of the structure until the first compression 
member fails when assessing the load-carrying capacity of a double-layer space truss. Post-
buckling reserves of strength is however not taken into account even though a typical 
double-layer structure is a highly statically indeterminate structural system. Because the 
members are fabricated from steel, which is a ductile material, carefully designed double-
layer structures may possess reserves of strength in excess of their elastic capacity.   
 
Due to the past and recent failures of space trusses, structural engineers have realised the 
importance of progressive collapse in buildings. However, although past codes of practice 
provide design procedures for very long bridges and vulnerable structures, the recent codes 
still lack general applicability to double-layer grids (Starossek, 2009). Progressive collapse 
initiated by local damage can be disastrous, in terms of both safety and stability of the 
structure, so it is very important to accurately predict the possibility of such event and to 
take action and effective measures to prevent collapse. Most of the progressive collapse 
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researches on DLSTs have so far concentrated on the investigation of removal of the most 
highly stressed compression member while removal of tension member has not yet received 
the necessary attention. Additionally, yielding of a tension member has more redundancy 
since distribution of load can occur in several ways, while buckling of a compression 
member is far more catastrophic. This present study distinguishes the potential loss of each 
member of the truss structure individually to measure the effect of the removed member 
and compare with different type of support conditions.  
1.3 Objective of the Research  
The main objective of the research undertaken is to gain an insight into how sensitive a 
double-layer space truss (DLST) is to progressive collapse. An important part of this study 
is to suggest methods which may be used by practicing engineers to detect if a DLST is 
susceptible to progressive collapse. Research activities undertaken to fulfill the main 
objectives are listed as follows: 
1. To validate two numerical models of square-on-square double layer space trusses, 
using pre-existing experimental models conducted by Parke (1988).  
2. To determine the Vulnerability Index to progressive collapse of three full scale 
DLST structures with two different member removal cases and three different 
support conditions, using linear static analysis. 
3. To determine the collapse path of three full scale DLST structures with three 
different support conditions, using nonlinear static analysis. 
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1.4 Scope of Work 
This thesis focusses on the vulnerability of DLSTs under progressive collapse. The scope 
of work includes: 
 To develop and analyze two numerical small scale models covering an area 
1.8m by 1.8 m each using finite element ABAQUS software (Abaqus FEA, 
2010). The numerical results are validated using two existing experimental 
models.  
 To design the member section sizes of full scale DLST model with three 
different boundary conditions. Each model covers an area of 60 m by 60 m. The 
design is in accordance with Eurocode 3 1993-1-1 (The European Union, 2005) 
using a general purpose civil engineering software SAP 2000 (Computers and 
Structures. Inc, n.d.).  
 To determine the vulnerability index subject to progressive collapse due to 
individual and continuous member removals of the full scale DLST structures 
using linear static analysis SAP 2000. The vulnerability index of each structure 
is determined using two proposed approaches i.e. Rate Factor and Probabilistic 
Approach.  
 To analyze the collapse behavior of the three full scale DLST structures using 
nonlinear static analysis software ABAQUS. The results are used to validate the 
results obtained using linear analysis due to continuous member removal in the 
structures.  From the nonlinear collapse analysis results behavior of every 
members and overall structural behavior are determined.  
1.5 Significant of Study   
Since the collapse of the Hartford Stadium in 1978 there has been particular requirement 
to specifically consider the risk of progressive collapse in space structures using Alternate 
Load Path Method. Consequently there is a need to take great care to assess the 
vulnerability of space structures particularly DLSTs to mitigate the risk of progressive 
collapse. This study proposed a Vulnerability Index assessment for DLST structures that 
enables the assessment of risk of vulnerable members to ease engineers in identifying 
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critical members to cause progressive collapse.  The risk assessment proposed can also be 
readily applied to all types of DLSTs irrespective to standard design being used and they 
are adopted whenever a structure might be considered in high risk to progressive collapse. 
The approach used in this study provides guidance to practicing engineers on how to use 
simple linear analysis using SAP 2000 software. Then the analytical results are used in the 
Rate Factor and Probabilistic Approach in identifying critical or vulnerable members in the 
structure.  Hence, a factor of safety for each vulnerable member should be increased to 
mitigate progressive collapse.  
 
The nonlinear finite element anlaysis modelling subject to increasing applied load is used 
to trace the progressive collapse behavior of DLST structures.  The analysis results 
represent closely the actual response of the structures. They also give the exact behavior of 
every members which can then be used to ensure efficient design of the structures.  
1.6 Description of Chapters 
This thesis consists of seven chapters. Chapter 1 begins with an introduction to the 
phenomenon of progressive collapse of DLSTs. This chapter includes the problem 
statement, objectives and significant of study.  
Chapter 2 provides a literature survey that covers various definitions of progressive 
collapse and disproportionate collapse, background of DLSTs and Vulnerability Index on 
progressive collapse. A review on studies related to progressive collapse of DLSTs is also 
presented in this chapter.  
In Chapter 3, two small scale DLSTs with different loading conditions and member types, 
are modelled and analyzed numerically. Comparisons of the numerical results with existing 
experimental results are also presented.  
Chapter 4 demonstrates the optimization method used to design the three full scale DLSTs 
with three different support conditions.  
Chapter 5 determines the Vulnerability Index of the three full scale DLSTs with three 
different boundary conditions using member removal method. The Demand Capacity 
Ratios (DCRs) obtained using SAP 2000 of every member in the DLST systems are 
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recorded. Hence, vulnerable members and structural Vulnerability Index of the DLSTs are 
determined using two proposed approaches i.e. Rate Factor and Probabilistic Approach. 
In Chapter 6, verification on the accuracy of the Vulnerability Index obtained in Chapter 5 
is carried out by comparing the results with the results obtained using nonlinear static 
analysis by ABAQUS software. The collapse behavior of the DLSTs with three different 
support conditions are discussed and compared.  
Chapter 7 contains the overall conclusions and discussion of the present study. Finally areas 
where future research could be profitably undertaken are outlined.  
 
Key words: Collapse of double-layer space trusses, finite element modelling, progressive 
collapse, disproportionate collapse and Vulnerability Index. 
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Chapter 2 
2 Literature Review 
2.1 Introduction  
This chapter presents information and studies on the various issues on collapse, progressive 
collapse of double layer space trusses (DLST). In discussing various other factors are 
included to show relevance and significance in deliberation about progressive collapse. 
Other key areas presented are the behaviour of DLST, Vulnerability Index and alternate 
load path. Studies and examples on the various DLST and progressive collapse structures 
are cited in presenting fact on the subject matter. 
2.2  Definition of Collapse   
In the field of engineering, collapse is one of the key areas that is of concern as it relates 
very much to the safety of occupants. Collapse in building structures, can be described as 
the structures to break apart or fall down suddenly (Britannica Company, 2015). Therefore, 
it is essential to focus on the issues that can lead to collapse structures as accidental actions 
concerning them occur quite frequently. Some examples of accidental actions are explosion 
and fire. Furthermore, there are also other key areas for instance imperfections of materials 
used which are unfit for structures, defects during construction which may inflict damage 
to the overall structure. The following paragraphs highlight the various definitions brought 
forward by experts in explaining collapse. 
2.3 Definition of Progressive Collapse  
Progressive collapse analysis has been extensively studied and is attracting widespread 
interest for engineers and researchers all over the world.  The following paragraphs provide 
definitions on progressive collapse. The terminology of progressive collapse is defined as 
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'the spread of an initial local failure from element to element eventually resulting in the 
collapse of an entire structure or a disproportionately large part of it (American Society of 
Civil Engineers, 2013). According to The Institution of Structural Engineers (2013) a 
progressive collapse is a particular type of collapse which develops in a progressive manner 
akin to the collapse of a row of dominos. A collapse may be progressive horizontally for 
example successively from one structural bay to those adjacent to it and propagating 
through the structure in a framed structure, or successively from one cable to the next in a 
cable stayed structure. A collapse may also be progressively vertically in which the collapse 
of the columns supporting a floor slab due to the dynamic shock load caused by the collapse 
onto it of the storey above it, or the successive collapse of the columns supporting a number 
of floors due to the dynamic shock load as the block of mass is brought to rest as it impacts 
with more rigid structure. This is agreed upon by Cuoco (1997) that progressive collapse 
occurs when the member damage (local damage) affects a small portion of a structure 
initially, it has the potential for propagating to other parts of the structure and may 
ultimately cause total collapse of the structure. This type of failure mechanism has been 
termed “progressive collapse”. Therefore, progressive collapse in brief is explained as the 
phenomenon in which a structure collapses continuously due to local damage and loss of 
members.   
2.4 Definition of Disproportionate Collapse  
A disproportionate collapse refers to the collapse of an entire structure that is a triggering 
event in which element by element collapses resulting in the total collapse (NIST Best 
Practice, 2007). Another definition by Starossek (2009) also states that a structure that 
collapses due to minor event and the ensuing collapse of a major part or even the whole of 
a structure best explains the term disproportionate collapse. In the field of engineering, 
disproportionate collapse is more appropriate in the context of design and performance 
because a precise definition of ‘disproportionate’ requires the choice of design objective  
(Starossek, 2009). A definition brought forward by The Institution of Structural Engineers 
(2013) is also referred to in terms of progressive collapse. Progressive collapse is defined 
as “a collapse that is sufficiently severe and the risk is associated with a particular 
accidental or malicious action in which matters related to regulatory requirement, by client 
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or professional perception or by societal expectation are involved”. Therefore, 
disproportionate collapse based on the various definitions is termed as a collapse that is 
considered severe and the main focus reflects on the design and performance. 
2.5 Comparison of Progressive Collapse and Disproportionate Collapse  
There is a distinction between a disproportionate collapse and a progressive collapse. If 
there is a pronounced disproportion between a comparatively minor event and the ensuing 
collapse of a major part or even the whole of a structure, then this is a disproportionate 
collapse. Meanwhile when the collapse commences with the failure of one or a few 
structural components and then progresses over successive other components then this 
would be a progressive collapse. The term 'disproportionate collapse' is more appropriate 
in the context of design and performance because a precise definition of 'disproportionate' 
requires the process of design objectives. 'Progressive collapse' is more suitable when 
referring to the physical phenomenon and mechanism of collapse. A triggering event is 
irrelevant to disproportionate collapse can be a local action.   
 
The comparison of progressive collapse and disproportionate collapse is summarised in the 
Table 2.1 as taken from England, et al. (2008) and Starossek & Haberland (2010). 
Table 2.1 Comparison between Progressive Collapse and Disproportionate Collapse 
Similarities of PC and DC Differences of PC and DC 
Both will cause a complete collapse of the 
entire structure. 
PC occurs in a progressive manner, while 
DC occurs suddenly or immediately.  
The initial causes of collapse are both due 
to minor and small event.  
PC relates to physical phenomenon and 
mechanism of collapse, but DC relates to 
design and performance. 
 PC is a range of event that happens in a 
series of failure with each event causing the 
next failure, however, DC is caused by a 
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single failure that may result in the total 
failure of the whole structure. 
2.6 Background of Double-Layer Space Trusses (DLST) 
Information on the history, types, space frame dimension criteria, behaviour of DLSTs, 
advantages, disadvantages and effect of the different support conditions of DLSTs are 
discussed in the following sections. 
 History and Developments of DLSTs 
Before engineers can build bigger space structures that can cover wide spans without 
intermediate columns, they have to find a way to make the structures lighter. The solution 
to this is rather obvious, that is by making the structural members from steel. Steel 
structures are by comparison stronger and lighter than concrete structures. Steel columns 
and beams in a building are locked together into a steel skeleton.  So, this skeleton can be 
thin and light, but yet if correctly designed it can support the weight of the whole structure 
(Makowski, 1965). However, centuries ago there was a huge problem at construction site, 
because of the time needed to erect large structures (TATA, 2010). Once construction work 
started, any extra days required for any unfinished construction would be very costly.  So 
the engineers and builders had to work out how to reduce the construction time to an 
absolute minimum (Hsieh, 1997). This is when prefabrication was taken into a new level.  
A famous scientist from Scotland, Alexander Graham Bell invented a multi-layer 
prefabricated grid.  In 1870 he experimented with a number of multi-layer grid structures 
made up of equal length bars joined together, using simple and identical connections. His 
experimental results showed that the tested structures were able to support very high 
loading.  This structural form as well as being economical due to its prefabricated mass 
produced simple and light members, was also very strong for its weight (Makowski, 1981). 
Since Bell’s invention prefabricated double-layer grids have evolved to become among the 
widely used form of space frames, suitable for long span buildings like warehouses and 
halls. This popular double-layer grid truss is strong, economical and light weight, and 
consists of sets of parallel bars intersecting each other carrying applied loads laterally. 
Double-layer grids are normally built to be able to withstand significant loading placed at 
Chapter 2 – Literature Review 
  
 
13 
 
each joint.  Each load is transmitted directly into the members and also to other 
interconnected members even to members situated at a significantly distance from the point 
of application of the load (Makowski, 1981).   
 
However, with the evolution of a connection system called the Mero system which can 
connect efficiently hundreds to thousands of members in a DLST, then DLSTs become 
even more widely used and more popular (Eberlein, 1993). Along with the considerable 
advancement in computer software packages for the analysis and design of numerous 
amount of data, applications of DLSTs become even more and more popular, Instead of 
using only identical modular units, complex configurations of DLSTs can easily be formed 
with the availability of the programming language called Formian developed by Prof 
Nooshin from the University of Surrey, United Kingdom (Makowski, 1993; Nooshin, 
1984).   
 Types of DLSTs 
The trend towards more and more usage of space structures is increasing due to 
architectural preference. Domes, barrel vaults and single and double-layer grids are 
examples of structural systems which can cover large open areas. A double-layer grid truss 
is a typical example of a prefabricated space structures and has become a popular form of 
space frame. Double-layer grids consist of two layers of grids laid in parallel as top and 
bottom chords. The members are interconnected with diagonal web members. Among 
them, one of the most popular is the rectangular grid truss system whose non-diagonal  
members are perpendicular to each other as shown in Figure 2.1 (i). Figure 2.1 (ii) shows 
the triangular grid truss system which consists of members forming an oblique angle with 
walls. Although the triangular grid has a greater strength and rigidity it has many more 
members and joints than the rectangular grid, the latter is therefore cheaper to construct and 
more popular.  
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(i) Rectangular grid    (ii)   Triangular grid 
Figure 2.1 Space truss models 
Figure 2.2 shows the common types of double-layer grids (Makowski, 1981). A lattice grid 
has its bottom chord members in the same vertical plane, whereas in a space grid the 
members are not in the same vertical plane.  
 
Figure 2.2 Types of double-layer grids (Makowski, 1981) 
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Figure 2.3 shows the roof of an exhibition hall at Sao Paulo, Brazil. The roof is a double-
layer lattice grid covering 260 m x 260 m area and is supported by only 25 columns 
spanning 60 m between columns (Narayanan, 2006). Figure 2.4 shows the roof of UCLA 
Activities Memorial Center in Westwood, California. This 92 m x 122 m is a space roof 
truss supported by 42 perimeter columns. These two figures show that each truss comprises 
of two parallel layers of upper and lower chords interconnected by incline diagonal chord 
members. 
 
Figure 2.3 A double-layer lattice grid over the exhibition hall at Sao Paulo, Brazil, designed by Cedric 
Marsh (Narayanan, 2006) 
 
Figure 2.4 UCLA Activities Memorial Center, Westwood, California (Cuoco, 1997) 
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Figure 2.5 shows a picture of a leisure centre at Romford, Essex, United Kingdom. A 
triodetic three way double-layer space frame was used to form a pyramid enclosure base 
size 30 m by 30 m and with vertical height of 15 m. Members are built of seamless 
aluminium alloy tubes with the largest outer diameter of 107.95 mm and wall thickness 
ranging from 4mm to 2mm. Also of special architectural interest is the clear span glazed 
roof structure which provides an attractive natural light transmission and maintenance free 
roofing system.   
 
 
(i) During construction  
 
(ii) After constriction  
Figure 2.5 A three way double-layer pyramid over a leisure centre at Romford, Essex, United 
Kindom designed by Roy Ham, Paul Gray Partnership, Billericay. (A British Alcan Aluminium 
Company, 1982) 
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Figure 2.6 shows a picture of a spectacular space structure i.e. the British Museum Great 
Court Roof located in London. This is a three dimensional single layer steel dome structure 
and clad by 3312 panes of glass, where no more of two are of the same. This elegant and 
very lightweight structure has a very complex architectural form and will be full of 
instability and is very difficult to construct. However, with the modern computer the 
structure was able to be designed.  
 
Figure 2.6 British Museum Great Court Roof, London, United Kingdom (Foster & Partners, 2015) 
 
The contender for the title for the world largest space frame structure built goes to the 
building called Ferarri World, a giant MERO KK space frame structure. It required an 
indoor space of over two million square feet, which then needed 350 000 metric tonnes of 
concrete, 35 000 tonnes of steel, 290 000 square metres of façade glazing and 165 000 
square meter of roof cladding. There were 172 000 trussed members and 43 1000 trussed 
nodes used to create the superstructure which was completed in only 14 months, thus 
making it the largest space frame structure in the world. The giant structure was opened to 
the public in 2010 (Joseph, 2009). Figure 2.7 shows the helicopter shot of the roof top of 
Ferrari World taken by (Mero Vision, 2009). Meanwhile the world largest column free 
structure in the world is the Cowboy Stadium Arlington, Texas. This stadium is currently 
the largest dome stadium in the world and was open to the public on the 27th May 2009 
with a diameter of 275 meters.  
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The above information indicates that we are living in a fast changing world where structural 
innovation is working at its best. The development of space structures has really taken a 
major role in engineering design, allowing architects and engineers to push their boundaries 
to design even bigger and bigger structures. Space structures also give greater freedom for 
architects in producing architectural drawings of buildings that can look striking, pleasant 
and beautiful. 
 
 
Figure 2.7 Roof top view of Ferrari World Abu Dhabi (Mero Vision, 2009) 
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 Space Frame Dimension Criteria 
The following section focuses on the span range for structural design in DLSTs. It covers 
the parameters that are relevant and needs to be referred to in planning design stage. It is 
used as guideline to ensure economical measurement; span height, span length.  
 
In practice, the height of a double-layer grid, i.e. the distance between the top and bottom 
layers, varies between L/20 and L/40 (L=span) depending on the rigidity of the chosen 
system (Makowski, 1981). The following figure i.e. Figure 2.8 taken from Cuoco (1997) is 
a reproduced version with permission from Dr Schierle (1994) shows the detailed 
information in order to achieve economical and efficiency in terms of utilising the 
structures. Based on Cuoco (1997), there is specific consideration that needs to be given 
attention during the planning and design stages. The specific consideration is length-to-
width ratios should generally not exceed 1.5:1.0. On the other hand, the height of DLST is 
generally 4% to 8% of its span. By adhering to the range measurement, the density of the 
diagonal web members may be factor in running mechanical ducts and other utilities 
through the frame, between the top and bottom chords. In order to strongly support the 
point on span to height, another relationship between span height ratio is presented by 
Eberlin (1975). Table 2.2 and Figure 2.9 exhibit the span range to show relationship 
between span(s) and span height ratio for space frames brought forward by Eberlin (1975) 
to give more detailed measurement to indicate the critical importance of span height ratio 
in which represents similar measurement as brought forward by Makowski (1981). 
 
Therefore, it is critical to refer to the above presented information when designing structure 
as it has been referred to by many other engineers and experts to ensure the saving of 
number of joints, saving the weight and at the same time, the length of member carrying 
the load could result into a more economical output. 
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Figure 2.8 Span ranges from various structural system (Cuoco, 1997) 
Table 2.2 Module Size and Depth of Grid (Mero-Raumstruktur, 1980) 
Span = s Member Length = a Depth of grid = h 
up to 15 m 2 – 3 m up to 1.5 m 
15 – 27.5 m 2.4 – 3 m 1.5 2.1 m 
27.5 – 36 m 2,4 – 3.6 m 2,1 – 2.5 m 
36 – 50 m 3.6 – 4.8 m 2.5 – 4.0 m 
50 – 100 m 4.8 – 6 m 3.6 – 4.8 m 
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Figure 2.9 Relationship between span (s) and span-height ratio (s/h) for space frames (Eberlin, 1975) 
 Fundamental Behaviour of DLST 
It is important to understand that the collapse behaviour of double-layer space trusses is 
important, before carrying out the design of the structure.  By identifying the ultimate load 
and failure mode of the truss after a non-linear analysis, designers can design the truss with 
a suitable factor of safety between the working and collapse loads. Because a double-layer 
space truss is usually highly statically indeterminate structural system, therefore, the truss 
would only become a mechanism which causes a complete collapse after a sufficient 
number of members had failed.  Failure modes involve yielding of tension members, 
buckling of compression members and also failure at the joints. 
 
Several methods have been developed in the past to help undertake the collapse analysis in 
space structures notably the Initial Stress Method, the Dual Load Method, the Supple and 
Collins Algorithm, Smith’s Algorithm and the Newton-Raphson Method. To obtain the full 
load-displacement response in some space structures it is necessary to continue the analysis 
allowing for large displacement passing the point where plastic deformation begins, also 
taking into account geometry nonlinearity.  In the methods mentioned, by combining either 
the Newton-Raphson or Modified Newton-Raphson method into the Dual-Load Method 
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the non-linear behaviour in a double-layer space truss where the material begins to deform 
plastically can be determined (Parke, 1988).  
 
As more and more finite element packages are being developed in recent years, more 
engineers have become involved in using finite element simulation when conducting 
various types of progressive collapse analysis.  It is therefore preferable to use finite 
element packages to undertake non-linear collapse analysis of space structures because 
experimental work is costly and tedious.  Moreover, it has been proven by many analysists 
that good agreements are possible between experimental testing and finite element analysis.  
 
Blandford (1996) highlighted that material and geometric nonlinearities are important 
factors to be considered in the collapse behaviour of space truss structures. Often, several 
load effects occurring in a structure need to be carefully considered in structural design 
especially for space truss structures as tragic events concerning them continue to happen 
on rare occasions. One way of avoiding this problem is to use a more accurate method to 
model the geometry, boundary and material nonlinearity in the finite element analysis. In 
this present study the method used to develop the nonlinear finite element model that is 
able to predict the double–layer space truss behaviour is sensitive to progressive collapse. 
If the method proves useful, it will be used in future to develop the finite element method 
that is able to predict the progressive collapse behaviour of the double-layer space truss for 
different conditions such as different types of support condition and various span to height 
ratios or the automatic removal of one or more highly stressed members. 
 
Whenever a double-layer grid structure is subject to an external applied load, there will 
primarily be axial forces being transmitted throughout its members. The collapse behavior 
of this type of such structure involves yielding of tension members and more importantly 
buckling of compression members which is associated with sudden and catastrophic failure 
(Parke, 1993). Buckling of a compression member causes it to loose strength due to 
shedding of load to other members. Large load distribution can occur within the structure 
without any increase in the external load of the structure. The structure can remain stable 
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if the remaining members sustain the redistributed load. However if any of these remaining 
members were to fail, therefore failure can progress through the structure and may lead to 
total collapse of the structure.   
 
Figure 2.10 shows graphs on the different behaviour of compression members which 
influence the overall collapse behaviour of the DLST structure. Figure 2.10 (i) shows that 
the load shedding of the compression member is abrupt and during redistribution process 
the other members within the structure cannot absorb the load shed. The graph in Figure 
2.10 (ii) shows that the load shedding by the compression member is very abrupt causing 
the other members to be unable to absorb the redistributed load. Hence, the buckling of this 
first member involves a large change in displacement which is termed as snap through. 
Figure 2.10 (iii) shows load shedding of the compression member is not abrupt. Therefore 
this mild load redistribution cannot be absorb by the other members (Sheidaii & 
Gholizadeh, 2004). Abedi & Shekastehband (2008) studied on the instability behaviour of 
plane double-layer tensegrity structures. He carried out several different collapse analysis 
in order to determine the collapse mechanism of the structures by studying the overall 
collapse, local collapse with and without snap through buckling of the compression 
members.  
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Figure 2.10 (i) Overall collapse 
 
Figure 2.10 (ii) Collapse with a snap through 
                 
Figure 2.10 (iii) Collapse without snap through  
Figure 2.10 Collapse behaviour of a compression member (Sheidaii & Gholizadeh, 2004) 
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 Examples of Collapse Space Structures 
The following section presents some examples of collapse space structures that are major 
cases that happen around the world. The triggering event to the study of collapse is the 
collapse of Hartford Civic Center Coliseum Roof that occurred in 1978. From then on, the 
study of collapse has become salient in the field of engineering. 
 
Past tragic incidents of the collapse of space structures, have given very valuable lessons 
to designers. By understanding what had caused such failures, this may avoid any 
reoccurrence and help to develop safer alternatives. The lessons learnt from the collapsed 
of the roof of the Hartford Civic Center Coliseum the Burcahrest Dome and Sultan Mizan 
Zainal Abidin Stadium are described in following section. 
 
Regarding this issue, engineers normally report that the grid structure collapsed due to 
inadequate temporary bracing.  However, space structures such as DLST can generally be 
assembled on the ground and then raised into the correct position which is generally a safer 
method of erection. Grid structures are awkward to manoeuvre and can be extremely 
unstable due to self-weight. To maintain stability during erection the structure needs to be 
triangulated first. The work is often performed at dangerous heights and in all types of 
weather.  Unless all grids are properly braced it might only take a gust of wind to cause the 
whole system to collapse. In progressive collapse, damage and loss of a member could lead 
to progressive collapse due to the following factors that are: 
i. Overall buckling of a compression member 
ii. Yielding of tension member 
iii. Fracture of a tension member or connector 
iv. Joint rotation instability (due to eccentricity and low member stiffness at the 
joint) 
(Cuoco, 1997) 
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However, by following strict rules and regulations laid down on construction sites, space 
truss systems can be prevented from collapsing. Erecting a space truss will always presents 
hazards, but by following correct procedures for temporary bracing, engineers and 
construction workers should reduce risk of a space truss system collapsing.  However, 
structures that collapse later on during their service life could be due to extreme loading, 
Therefore, for any structure before it is built, it has to be designed to have sufficient strength 
and stiffness to withstand the unexpected load during its service life including during 
construction. 
 
 Hartford Civic Centre Coliseum 
In the morning of 18th January 1978, the Hartford (Connecticut) Civic Centre Coliseum, 
which was built five years earlier, collapsed into partial ruin as shown in Figure 2.11 due 
to an accumulation snow.  It was most fortunate as the collapse happened a few hours after 
the stadium, previously filled with five thousand spectators, was vacated.  The huge 91.46 
metre by 109.7 metre double-layer grid space truss as shown in Figure 2.12 (i) acted as the 
supporting structure for the Hartford roof. According to Martin, et al. (2001) the reason for 
collapse was due to the distance between the truss members which was extending for a 
considerable distance without any bracing in between them, as shown in Figure 2.12(ii). 
This reduced the load that the roof could safely carry. Although computer software 
packages had already been used for many years in the analysis and design process, the 
computer model used was not satisfactory as the deflection predicted by the computer 
analysis was a quarter of what was observed during the jacking up of the structure in situ. 
This situation became a great issue as it questioned the reliability of using computer 
numerical models in the design of structures.  Overconfidence in the computer analysis and 
by making ad-hoc arrangement in fitting the members to avoid erection delay, had led to 
this engineering disaster. 
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Figure 2.11 Hartford Civic Center Coliseum Roof Collapse, 1978  (Martin, et al., 2001) 
 
 
Figure 2.12 (i) Elevation of Space Frame Roof (Circled Section is shown Enlarge in Figure 2.12 (ii)), 
(Martin, et al., 2001) 
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According to Martin, et al. (2001) the roof began failing as soon as it was completed due 
to design deficiencies. During construction obvious bowing in two of the members in the 
top layer were seen but ignored. The dead load was underestimated by 20%. The top layer 
exterior compression members on both east and west faces, exterior compression members 
on both north and south faces and interior compression members were overloaded by 852%, 
213% and 72% respectively. Having the truss members with cross-shaped cross-sections 
as shown in Figure 2.13 made the radius of gyration much smaller than if an I-section or a 
tube section had been chosen to carry the load.  Furthermore, the configuration of the 
connection was changed from its original design, which caused its capacity to be reduced. 
As the diagonal members were not directly attached to the horizontal members, therefore 
the horizontal members were not braced correctly against buckling. This is also supported 
by an investigative study conducted by Levy & Salvadori (2002) that confirms the factors 
that lead to the collapse are as mentioned earlier. All of the above caused the sudden 
collapse of this important structure as discussed and researched by experts in the field. 
Figure 2.12 (ii)Section of Space Frame Roof (Martin, et al., 2001) 
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Investigations by Smith & Epstein (1980) which discussed the sequence of collapse, 
showed that almost all exterior members of the top layer had already exceeded their design 
capacities, even during erection (Soare, 1984). Being a structure with a high degree of 
redundancy, the extra loads were transferred to the adjacent members. After erection, as 
the snow load from a storm was accumulating on the roof, the load was unevenly distributed 
causing some of the interior top layer and even the diagonal web members to reach their 
ultimate capacities. Eventually, the roof became unstable which led to the collapse of the 
whole structure. However, if project peer review was carried out earlier and a second 
opinion had been sought, the design deficiencies responsible for the collapse probably 
would have been discovered and corrected immediately. 
 
 Burcharest Dome 
The National Economy Exhibition Pavilion in Bucharest Romania, better known as the 
“Bucharest Dome”, was designed by Ferdinand Lederer, DrSc. (1906-1990) who was the 
leader in the Department of Steel Structures and Bridges and Department of Steel and 
Timber Structures in the Faculty of Civil Engineering at the Institute of Metal and Timber 
Structures, Brno, Czech Republic, Institute of Metal and Timber Structures. 
 
The construction of the Bucharest Dome was completed in 1961. Though being an 
exceptionally light weight structure, it was technically approved and lauded.  However, it 
collapsed in less than two years (17 months) in 1963.The catastrophe occurred under an 
uneven total snow load of about 2000 kN which was surprisingly only 30 percent of the 
total design load. The collapse resulted in a perfect inverted inversion of the original dome. 
Figure 2.13 Compression Member Configuration (Martin, et al., 2001)  
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The Bucharest Dome was an axis symmetric lattice dome. The structure of the dome 
comprised of hollow steel tubes, where each tube was 122 mm in diameter with a 6mm 
wall thickness. The structure was used to contour a spherical surface of 65 m radius. At the 
centre, the dome rise was 19 m, spanning a base of 93 m in diameter. The lattice dome had 
a circular hole at the top with a diameter of 17m.  A steel box girder was placed around the 
circumference of the top hole forming a stiff compression ring.  A 250 kN lantern was 
suspended by it. The calculation revealed that the total dead weight of the structure, 
including the cladding, lantern and fixtures was proximately 4300 kN. 
 
The collapse of the dome occured because the non-uniform snow-load was gathered along 
five radial lines and, combined with a poor semi-rigid connection system, the structure 
inverted.  Figure 2.14 (i) and (ii) show the Bucharest Dome before and after collapse. An 
investigation revealed that local buckling of structural members occurred at those five 
symmetrically spaced concentric zones around the center. Normally, buckling is described 
as a mode of failure due to elastic instability. It is known through an investigation that the 
designers had considered elastic stability of the structure. A further investigation disclosed 
that the cause of this premature load failure was the asymmetrical snow loading. Much 
deeper insight into the analysis implied that the non-uniformity and low-order symmetry in 
the load was the main cause of this failure (Papadopoulos & Loricco, 2006). Another study 
by Soare (1984) about this collapsed structure showed similar findings to indicate that 
similar causes took place and caused the structure to collapse.  
 
(i) Before collapse    (ii)  After collapse 
Figure 2.14 Bucharest Dome collapse, 1961 (Papadopoulos & Loricco, 2006) 
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 Sultan Mizan Zainal Abidin Stadium  
DLST is a popular form of space frame where it has received much attention in the past 
few decades due to its efficient structural system which can cover large column free area. 
Although DLSTs have a high degree of statical indeterminacy, but not all of them are 
robust, as it has been found that even a loss of one critical member could trigger the collapse 
of the entire structure. An example of this failure can be witnessed from an event occurred 
on 2nd June 2009 at Sultan Mizan Zainal Abidin Stadium built in Terengganu, Malaysia 
where the entire East Grandstand roof  which was of DLST form collapsed, damaging the 
royal podium, main entrance and the public seating areas located beneath the roof structure. 
The roof plan layout and elevation of this stadium is as shown in Figure 2.15 and 2.16.  
 
The roof was designed to provide weather protection to the East Grandstand and comprises 
of 26 frames overall with a span of 354 metres between North to South buttresses. Out of 
these 26 numbers of frames, 24 were used to support the stadium crescent shaped roof. The 
distance between the last support frame and the buttress support is 130 metres at both ends. 
Reinforced concrete columns at the elevation of 41 metres above buttress springing point 
support the east side of the roof structure. Up to a maximum of 76.8 metres of the roof was 
cantilevered over the Grandstand at the middle.  The collapse of the East Grandstand roof 
occurred a mere one year after the project was completed on 30th November 2008.    
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Figure 2.15 Plan Layout of the stadium (Government of Malaysia, 2009) 
 
Figure 2.16 Elevation view of the stadium (Government of Malaysia, 2009) 
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Pursuant to the incidence, the State Government of Terengganu has requested the Ministry 
of Works to form an Investigation Committee (IC) to study the event and it was reported 
that the primary cause of the collapse was due to lack of consideration of the support 
conditions of the roof structure. Despite the roof complex architectural form and the large 
spans involved which causes the roof structure to be highly flexible and very sensitive to 
any movements in the supporting structure, a more detailed (second order) design analysis 
was not carried out. As such no consideration was made to include flexible supports in the 
design model, thus reducing the safety factor (F.O.S) of the structure’s requirement. This 
factor, combined with undesirable method of erection and usage of compromised material 
for the construction has ultimately resulted in overloading of certain roof structural 
members as can be observed by the occurrence of many buckled truss members after the 
stadium completion as shown in Figure 2.17.The same report found that the roof collapsed 
just as the main contractor was about to replace a number of critical buckled members. 
They have proceeded to replace the buckled members observed without taking into 
consideration of the impact of the replacements which has resulted in redistribution of 
forces in the roof structure.  
To fix the problem the IC recommended a new design and build contract which was called 
for the reconstruction of a new steel roof based on original concept geometry and also to 
carry out any strengthening work where required (Government of Malaysia, 2009). It is 
evident that there is a much needed requirement within the industry to study the progressive 
collapse behaviour of DLSTs to prevent similar disasters from taking place in future. 
 
Figure 2.17 Buckled truss members (Malaysiakini, 2013) 
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From all these three mentioned cases, there are many useful lessons to be learnt due to this 
incident. Natural forces pose a large threat. Ice and wind especially acting together can 
bring a whole structure down. Mankind, for all its new innovative structural design 
techniques, is still far from infallible. As is well known, engineering disasters still occur 
and are usually due to human factors, design flaws, material flaws, environmental effects 
or combination of these. Engineers must try to design in such a way as to avoid structural 
failure so that no more catastrophic events can occur. From every catastrophic event, the 
information that each failure has to offer should be studied and applied in all future designs.  
 Advantages and disadvantages of DLST 
A DLST is a common structure used in building stadiums, factories, warehouses, airports 
in which all these structures are column free area. In brief, DLSTs are used for large span 
structures with few or even without intermediate supports.  
 
One of the advantages is because a double-layer grids is usually highly indeterminate where 
the forces are distributed widely to all members, causing each member to acquire a 
relatively low value of internal force (Liu, 2010a, 2010b).  Indeterminate system is another 
important property of double-layer grids that explains the failure of one or few number of 
members on the structure does not necessarily lead to collapse of structure completely 
(Chilton, 2000). This also emphasizes the other advantage of DLST that can usually carry 
load through its interconnected structural members even after the failure of its first 
compression member, possibly possessing a reserve of strength beyond its elastic capacity 
(Makowski, 1981; Parke, 1988). It is further explained whereby the DLST may resist aerial 
attack or terrorist attacks and explosions are much better than any other structural system. 
Furthermore, they also resist horizontal earthquake forces better (Makowski, 1981) as this 
increases stiffness and better seismic resistance in relation to other space structure that is 
one of the advantages of DLST (Behnam, et al., 2012). 
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Another study by Murtha‐Smith (1999) on DLST found that the advantage of the double-
layer grid type is due to the large degree of static indeterminacy which agrees to the above 
mentioned statement. The loss of one member in the DLST would cause force 
redistributions that can accommodate the remaining structures and not cause the total 
collapse of the structure. However, the results presented in his paper on the issue of loss of 
member to cause progressive collapse gives a differing outcome whereby he highlighted 
that if a critical member is removed or fail, it can then lead to the total collapse of the whole 
structure. Therefore, he suggested on improving the resistance to progressive collapse the 
compression members and diagonal members along and adjacent to the column line should 
be designed with higher factor of safety than those currently used, particularly in the middle 
half of the span. This is strongly supported by Chilton (2000) where he stated that by using 
higher safety margins in some critical members, the resistance of structure against 
progressive collapse can be increased.   
 
There are also setbacks of DLST. These setbacks are critical to the structures as DLST is 
usually common to longer span buildings. Hence, it is salient to provide information on the 
disadvantages to ensure designs of structures take these perspectives into consideration. 
One of the disadvantages is the cost of joints. The cost of joints is relative to the cost of 
material between the joints that is invariably much higher than with plane structure. This is 
not only expensive but requires special attention as failure of DLSTs due to joint instability 
could result in a compression buckling failure. In brief, behaviour of joints has significant 
effect on the response of the DLST (Cuoco, 1997; Makowski, 1981). On the other side, 
vulnerability is a disadvantage of DLST. It has been found to be vulnerable against fire and 
corrosion. Although there are some solutions suggested that is to apply fire protective 
paints, none of them is economical due to large surface area of members. Resistance against 
fire is mandatory in a space truss. In case of fire the affected steel members would lose their 
strength and become weak. Consequently sequential failure of other members would occur. 
Since a space truss has many redundant members, may be even after the collapse of certain 
members, the remaining members may still be able to sustain the load.  
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 Effect of the Different Support Conditions on the DLST 
In relation to this study, there is one main effect of DLST behaviour that needs to be 
presented. The main effect is the change in the number of supports. This study shows that 
the effect of boundary conditions on member forces and deflections is small provided that 
there is at least one intermediate support at the mid length of each edge. The rigidity of 
joints help to relieve excessive deformation in case of grid supported at only at the corners, 
but at the expense of increasing applied forces (Makowski, 1981). Aydincilar (2010) 
focused on the plan area to number of supports ratio. It is an important parameter in DLST 
in which the increased of plan area would result in a heavier structure and cause larger 
forces and increased in the deflection if an insufficient number of support is being used. 
 
El-Sheikh (1994) studied on the sensitivity of composite and non-composite space trusses 
to member loss. His study showed that a loss of any of the critical members of the space 
trusses would cause force distributions that could lead to an overall premature collapse even 
though the space trusses have a large number of redundant members. Support condition is 
one of the factors that has a significant effect on the truss sensitivity to member loss. Corner 
supported trusses are more sensitive to member loss and more reliable to progressive 
collapse than edge supported trusses. Over design of critical compression member maybe 
adopted to prevent or delay their buckling which frequently lead to overall collapse.  
 
Thus it is a critical effect to be taken into consideration when designing and planning 
DLSTs in order to produce a structure that gives a sustainable outcome. By focusing on 
matters pertaining to plan area and support conditions, structures are more efficient and 
economical in nature. 
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2.7 Vulnerability Index on Progressive Collapse 
In the perspective of engineering, vulnerability refers to “evaluating the consequences of a 
given hazard, considering the type of action and the structural response to that action” (The 
Institution of Structural Engineers, 2013). According to Starossek & Haberland (2010), 
vulnerability describes the sensitivity of a structure to damage events whereby a small 
damage can lead to disproportionate consequences. This is agreed upon by another 
definition presented by Agarwal, et al. (2003) as a structure is vulnerable if relatively small 
damage leads to disproportionately large consequences. He further mentioned that a 
structure that is vulnerable also means that it is less robust. (Marjanishvili, et al., 2010) 
describes structural robustness as the ability of the structure to resist failure due to the 
structure’s vigorous strength and toughness.  
 
The susceptibility of a component or a system to some external action due to natural event 
such as an earthquake or a man-made event for instance accidental impact or corrosion due 
to poor maintenance also defines the term vulnerability. This is because they can lead to 
damage of structural elements which if disproportionate could lead to progressive collapse 
events (Agarwal, et al. 2003). The current focus in building design is to consider blast 
resistance, i.e. to avoid loss of load carrying capacities of exposed elements such as 
columns to intense loading events such as explosions, vehicle impact or fire.  Blast 
resistance design measures are vital to be included in vulnerable new and also existing 
buildings (Hamburger & Whittaker, 2004).   
 
 Alternate Load Path Method (ALPM) 
Alternate load path method is a method that allows local failure to occur, but seeks to 
provide alternate load paths so that the damage is absorbed and major collapse is averted 
(American Society of Civil Engineers, 2013). The alternate load path method has been most 
commonly used by researchers and practitioners due to its closest connection to the 
response of a structure during an abnormal event. 
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The following paragraphs describe studies conducted by several researchers in the areas of 
ALPM. ALPM is gaining popularity in the study of buildings or space was due to the 
removal of a wall due to gas explosion which led to the progressive collapse of the structure.  
Studies conducted stated that the collapse was also due to poor design and poor 
construction. This collapse resulted in new guidelines on building structures. 
 
In Murtha‐Smith (1999) used ALPM to analyse and design a hypothetical space truss for 
progressive collapse. He redesign the hypothetical space truss such that the critical 
compression members were over design by a factor of 1.333. He found that the undamaged 
capacity after increasing the factor of safety is reduced by 72%. Hence, by increasing the 
factor of safety for the compression members is a potential strategy for protection against 
progressive collapse.  
 
A study conducted by Song, et al. (2014) was to simulate the sudden column loss that may 
cause progressive collapse by removing the four first story columns from one of the 
perimeter frames of a steel frame building scheduled for demolition and how the load is re-
distributed within the building after the columns removal. The study applied the alternate 
load path method to analyze the building capacity to resist against progressive collapse 
which is also a method recommended by the General Services Administration 
(Kaewkulchai & Williamson, 2004) and the Department of Defense in the current building 
design codes and standards in the U.S.  
 
The study has shown that while most of the structural member of the building exceeded the 
Demand Capacity Ratio (DCR) limits after second column was removed, the building still 
did not experience progressive collapse which may have been a result of conservative 
design of the structural members in the building original design where the dead load factor 
is multiplied by 2.0 which is a recommendation from GSA. Comparative analysis between 
2-D and 3-D model simulating the condition of the field testing was made using SAP 2000 
Version 14 ("SAP 2000 Computers and Structures. Inc,") and it was found the result in 3-
D is closer to result generated from field experiment.    
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Research efforts have been conducted extensively to analyze progressive collapse of 
structure by applying GSA guideline and Marjanishvili & Agnew (2006) have performed 
analysis on a nine story steel moment-resistant frame building utilizing SAP 2000 software 
by using four different analysis procedures; linear static, nonlinear static, linear dynamic 
and nonlinear dynamic. The study was conducted to identify the pro and cons of each type 
of analysis and limitations for all the procedures based on the example structure analysis. 
The study has shown that in comparison to nonlinear method, linear method for both static 
and dynamic evaluation criteria is easier to pass whereby in nonlinear method for static and 
dynamic the example structure almost fails. In linear method, the analysis is easier to 
perform but this analysis method is only limited to relatively simple structures where the 
effect of the non-linear and dynamics can be easily determined. As for nonlinear method, 
the analysis is not as straight forward as linear method analysis as they are a number of 
parameters conditions that needs to be satisfied and carried out repeatedly to generate the 
results due to the converging issues which is very time consuming. However, the advantage 
of nonlinear method is that due to the many parameter s that needs to be considered in the 
analysis we are able to determine the nonlinear effect such as identifying the collapse 
pattern of a structure member failure thus producing more accurate results and is 
comparable to actual field example. Due to both linear and nonlinear individual advantages 
and disadvantages, the paper recommends for analysis of progressive collapse of a structure 
to be carried out in both manner as the methods finding complements each other. 
 
The same conclusion has been derived through a separate study by Kim & Kim (2009) to 
study the progressive collapse-resisting capacity of steel moment resisting frames where it 
has been observed that nonlinear dynamic analysis provided more accurate results as they 
produced larger structural responses with variable results which is dependent on variables 
such as applied load, location of column removal, or number building story; while linear 
procedure generated a more conservative decision for progressive collapse potential of the 
example structure. Due to the variable conditions applied in nonlinear method, the analysis 
is able to produce a more accurate result for progressive collapse potential of building 
structures.  
 
Chapter 2 – Literature Review 
  
 
40 
 
Another study by Liu (2011) has carried out analysis using linear static, nonlinear static 
and nonlinear dynamic of progressive collapse of a structure by adopting ALPM for 
structural optimization by using the weight minimization of a gravity-induced progressive 
collapse resistant design of a planar nine storey, three-bay regular seismic steel 
Intermediate Moment Frame (IMF). It is found that while the design reduces the overall 
construction cost due to lesser weight of steel members required as compared to 
conservative design, the optimized design does not have inherent strength to resist 
progressive collapse when the structural load bearing members are removed.      
 
There are various of researches that have been carried out to study the vulnerability of 
structures to Progressive Collapse, such as Lin, et al. (2011) where the linear static analysis 
has been conducted on 6 model of actual buildings where the RC columns are removed 
from the first storey of each building. The assessment of the vulnerability to progressive 
collapse uses the DCR value of 2.0 based on the GSA guidelines. The study finds that the 
building is less vulnerable to progressive collapse if the span of the longitudinal and 
transverse RC frame is about the same length and the building is less than 15 storeys high.   
 
  Probabilistic Approach 
Probabilistic approach is quantifying the performance of structures. 
BusinessDictionary.com (2015) defines probabilistic as a solution where there are multiple 
possible outcomes, each having varying degrees of certainty of its occurrence. This is useful 
in identifying critical vulnerable members in a large roof truss space structures with a lot 
of members. Probability of failure is based on the distribution of a continuous variable of a 
data set known as Probability Frequency Function. Do, et al. (1993) and Marjanishvili, et 
al. (2010) illustrated the application of probabilistic concept for the evaluation of 
progressive collapse potential.  Figure 2.18 shows distribution of data for two hypothetical 
structures i.e. Structure A and another structure, Structure B, C or D where all are having 
the same total frequency. Considering the three cases in Figure 2.17 where the distribution 
of data for Structure A is kept the same but for Structure B, C and D data sets are different. 
In Figure 2.18 (i), Structure B has higher mean data but the same standard deviation as 
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Structure A. With higher mean, Structure B becomes less vulnerable than Structure A. In 
Figure 2.18 (ii), mean data of Structure C and Structure A is the same but Structure C has 
higher standard deviation. This makes Structure C to be more vulnerable. However, if 
Structure D has higher mean and also higher standard deviation than Structure A as shown 
in Figure 2.18 (iii) therefore the more vulnerable structure is Structure D. This implies that 
structural vulnerability is depending more on the standard deviation compared to mean 
value. Marjanishvili, et al. (2010) in their study mentioned that structural vulnerability can 
be measured from the standard deviation of the progressive collapse resistance probability 
frequency function. They also mentioned that a structure can be improved by reducing its 
standard deviation. Do, et al. (1993) also used probability based analysis by making use of 
mean and standard deviation values to assess their results to determine collapse loads of 
full scale towers. Besides mean and standard deviation values information on the 
distribution of a data set can be obtained from its kurtosis and skewness values (Aasland, 
2008). Main & Sadek (2009) had used mean and standard deviation values to assess his 
space truss systems and he also agreed that a space structure is less vulnerable with lower 
value of standard deviation.  
 
Figure 2.18 (i) 
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Figure 2.18 (ii) 
 
Figure 2.18 (iii) 
Figure 2.18 The measurement of vulnerability of structures based on mean and standard deviation 
values (Marjanishvili, et al., 2010) 
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2.8 Review on Studies related to Progressive Collapse  
Numerous investigations into understanding the progressive collapse of buildings have 
been undertaken as a direct result of the event of the September 11th 2001 and other 
catastrophic building collapses.  Kwasniewski (2010) and Fu (2010), both conducted 
nonlinear dynamic progressive collapse analysis of multi-story buildings using the GSA 
guidelines. Kwasniewski (2010) attempted a full scale detail modelling of an existing 8-
storey steel frame structure using a computer program called LS-DYNA. His study 
emphasized the development of global models subject to increasing vertical loading and 
column removal. His paper reported on the detail finite element modelling of a full scale 
structure which can provide experimental validation for structures subject to collapse. Fu 
(2009) and Fu (2010) presented a three-dimensional finite element analysis of the 
progressive collapse analysis of a 20-storey building.  Fu (2009) studied the sudden loss of 
a column by considering different structural systems and scenarios while later he undertook 
a parametric study considering the different strengths of structural steel, the strength of 
concrete and reinforcement mesh size (Fu, 2010).   
 
An essential method of most progressive collapse analyses used to investigate the 
behaviour of progressive collapse in buildings is the alternate load path method with 
column removal.  Shi, Li & Hao (2010) applied the load path method following the GSA 
and DoD guidelines to achieve a new method for progressive collapse analysis of reinforced 
concrete frames (RC) under blast loading.  He incorporated the non-zero initial condition 
and initial damage of adjacent structural members. Shi, Li & Hao (2010) modelled a three 
storey two span reinforced concrete frame using software LS-DYNA whereby elements 
that are instantaneously damaged due to direct blast loading are removed and then carried 
out a progressive collapse analysis.  This direct simulation method demonstrated that a 
relatively simple model can give similar results compared to a detail model which requires 
a much longer time to achieve similar results. 
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2.9 Review on Past Studies related to DLST  
There are many studies conducted related to DLSTs. This is because DLSTs are one of the 
most frequently used forms of structure as there are several distinct advantages. Among the 
major advantages are high stiffness, relatively light weight, easy to erect and ability to cover 
large open areas. These advantages explain the DLST structures that are uncommon or 
unlikely to collapse. In the event of a collapse of DLST, the dominant factor can be 
identified. The following paragraphs narrates a few identified case studies on DLST.  
 
Compression is a major discussion suggested under DLST in which if a structure is loaded 
beyond the elasticity of the members, it would then lead to collapse. Failure of one member 
that is in compression may still leave the structure able to perform its intended use. The 
discussion that revolves compression that is evident in DLSTs, centrally loaded leads to 
failure and a failure of one such member could precipitate total collapse of the structure. 
This also is very much related to designs as quoted by Mwakali (1993). Due to this, 
eccentricity in design is being introduced. 
 
The use of eccentricity for brittleness reduction is based on the fact that although the 
ultimate strength of a member under axial compression is significantly reduced if the 
member is at the same time subjected to bending moments, a much smoother characteristic 
is displayed at the maximum load and the post buckling drop off of load capacity is less 
server that that exhibited by a member subjected solely to concentric loading. 
 
Apart from that, the behavior of steel is also a major concern. It is critical to understand 
that a space truss is a collection of finite two-noded straight members joined together at 
their ends using pins. This is to allow sustainability for a single type of loading. The 
behaviour of steel members in tension is a property of the material and is well understood 
and fairly predictable. Compression element behaviour, on the other hand, not only is a 
property of the material and geometry of the member but is also greatly influenced by 
“imperfections” that may be present in the member such as residual stresses, crookedness, 
eccentricity and end-restraints (Mwakali, 1993).  
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Hence, in brief, it is critical to note the key parameter for a DLST collapse in which 
compression of members can lead to failure and later lead to the collapse of a structure. 
Having discussed the above that establishes that eccentrically loaded column members 
failed less brittle than concentrically loaded ones, the effects on the overall performance of 
DLST have been investigated by many.  
 
Introduction of eccentricity in some carefully selected compression members reduce 
brittleness in the structure. The increased ductility of the structure is a valuable property, 
when, for instance, the safety of the occupants of the building subject to a sudden shock 
such as earthquake is considered. It is possible to determine, by   minimisation-
maximisation technique linear programming technique, optimum values of eccentricity and 
the best compression members in which to apply the eccentricities for any given 
configuration of space truss. This would ensure reduction of brittleness is achieved without 
much loss of maximum load. The studies showed that the benefits of eccentricity of some 
compression members are best realised in highly redundant structures where the failure of 
some members will generally not lead to complete loss of integrity of the structure 
(Mwakali, 1993). This is a point to consider in DLST in order to avoid total collapse from 
occurring. 
 
Another dimension to be discussed is the novel soft member of DLST. As mentioned 
earlier, DLST is frequently used forms of structure as there are many advantages as 
presented in this chapter. For a collapse to take place, the strength or load carrying capacity 
of a DLST is normally assessed by considering the elastic load displacement response of 
the structure up to the point where the first compression member fails. The inelastic 
behaviour of the structure is usually ignored in the design process because it is considered 
that due their high degree of statical indeterminacy, double-layer space truss fabricated 
from ductile materials will possess reserve of strength in excess of their elastic capacity. 
However, this has shown otherwise. This is strongly proven when the force distribution 
resulting from the failed members can lead to failure of other members (Parke, 1993). It 
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can summarised that the elastic and plastic buckling of a compression member is a dynamic 
process resulting in a sudden loss of both member stability and load carrying capacity. 
In investigating the collapse patterns of DLST, a computer programme was developed that 
traces the structural response under proportional loading and up to complete collapse. 
Based on the investigation carried out, the following findings are acknowledged that are:  
• Double-layer grids are very similar to concrete flat slabs in their failure patterns that 
fall into two main types: flexural yield line and punching shear like 
• The number of supports, the grid depth and the relative strength of members are the 
main factors that dictate the collapse pattern. The grid module or configuration have no or 
little effect. 
• Increasing the number of supports enhances the economy of double-layer grids as 
it reduces member forces and precludes the possibility of a punching shear type of failure.  
(Madi & El-Tayem, 1993) 
 
Buckling behavior is another parameter that is emphasised as the outcomes are significant 
for further investigations to be conducted. According to a study conducted, buckling 
behaviour of square-on-diagonal (SD) and diagonal on square grids (DS) showed that SD 
grids have limited ductility after initial buckling of compressive members, but there is only 
a small difference between the load carrying capacity after initial buckling, and post 
buckling behaviour is brittle. No clear collapse line was formed. The buckling load may be 
found to be effective in controlling buckling of DS grids, but not effective in SD grids (Saka 
& Taniguchi, 1994). Hence it is clear that the buckling behaviour of DS grids, although the 
slenderness ratio of compression members are of the same value can still lead to collapse.  
 
Another study investigated the symmetric collapse behaviours of six double-layer grids 
with different configurations. As only one set of member sizes and overall grid dimension 
was used in the configuration, no general conclusions can be made. However, results were 
obtained by investigating the effects of making minor changes to a few members in each 
structure and of tensile strain hardening on the different collapse behaviours.  
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The results by Collins (1981) show that inclusion of strain hardening in the tensile member 
characteristics does not always result in a double-layer grid having a greater ultimate load 
value than if elastic-plastic tensile behaviour is assumed. Therefore, analytical method that 
uses elastic-plastic tensile member behaviour characteristics does not necessarily produce 
conservative estimates of ultimate load values. It should be assumed that the effects of 
strain hardening will always be to increase the ultimate loads of double-layer grids (Collins, 
1981). 
 
Space structure members being both light weight and slender, can produce the occurrence 
of instabilities, identified as the primary failure mode of some space structures. Abedi & 
Parke (1997) carried out experiments on the propagation of local instabilities in single-layer 
braced domes. They explained that domes that are unable to absorb a sudden release of 
kinetic energy due to member buckling can lead to progressive collapse of the structure.  
An example of a dome that collapsed due to propagation of instability is the huge single-
layer braced dome in Burcharest, Romania, mentioned previously. 
 
Apart from problems of construction inaccuracy and inappropriate design of space 
structures, the major problem of design and development in space trusses can often be due 
to their connection systems.  The connection system used in a space structure has a great 
influence on its cost, structural behaviour and collapse mode. De Souza & Gonçalves 
(2005) conducted experimental tests on six space truss models to observe their behaviour 
and collapse modes.  The structures were constructed of steel hollow circular tubes with 
flattened ends. The cause of collapse was found to be due to the connection and yielding in 
the bar ends.  Although this type of connection shows critical areas in the structural 
analysis, but due to its low cost, it was still chosen to be evaluated and tested for collapse. 
 
These are the various dimensions in DLST that are discussed widely representing the 
different cases in DLST and collapse. Thus, these studies give insight to the current 
planning and designing in order to ensure collapse structure can be minimised if not 
avoided. 
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2.10 Concluding Remarks 
This chapter presents the various definitions of collapse and progressive collapse in relation 
to key element that is DLST. Other areas relevant to collapse such as vulnerability index 
and alternate load path are also brought forward to explain the methods used to reflect 
progressive collapse. One other type of collapse stated in this chapter is disproportionate 
collapse as it relates closely to progressive collapse in terms of behaviour. Based on the 
written description of the two, it can be said that there is a very thin line to distinguish 
between progressive collapse and disproportionate collapse. Although DSLT is highly 
indeterminate structural system, it is nevertheless a subject matter that is prominent to 
progressive collapse. Several studies conducted by experts in the fields are also discussed 
to reflect the matters on progressive collapse and DLST. 
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Chapter 3 
3 Preliminary Study of A Double-Layer Space 
Truss Using the Finite Element Analysis 
Method  
3.1 Introduction 
Numerical analysis involving the methodology using finite elements is an effective tool to 
investigate the collapse behaviour of double-layer space trusses (DLSTs). Employing finite 
element analysis may verify the complex behaviour and results which might be complicated 
to understand and difficult to obtain from an experimental study. In addition, the finite 
element analysis method may also provide an excellent substitute method instead of 
undertaking laboratory work where particular large physical models are required. 
Researchers namely  Shekastehband, Abedi & Chenaghlou (2011), Miyachi, et al. (2012), 
Jiang & Chen (2012) and Augenti & Parisi (2011) have investigated the collapse of space 
structures using numerical analysis based on the finite element method. For example, a 
numerical approach involved the finite element method using ABAQUS  software package 
was used by El-Sheikh to study a new space truss system called Catrus (El-Sheikh, 2000). 
He used a finite element model to simulate the nonlinear performance of the truss and the 
results were compared with the experimental results, which gave a good agreement between 
the two, within 12%. The broader aim of this present research is to develop a methodology 
to classify the performance of double-layer space truss structures via numerical analysis 
based on the finite element method using 3-dimensional models. An assessment and 
evaluation between numerical and experimental models is then presented. The assessment 
and evaluation is established using a pre-existing experimental study related to this present 
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research area. A comparison between the numerical and experimental results is used to 
assess the validity of the numerical analysis. 
 
Due to the enormous number of possible model, configurations and runs available using 
finite element analysis, the model may have errors and uncertainties and should not be 
relied on without verification. However when careful comparison between experimental 
and numerical analysis is conducted which is capable of capturing the real physical 
behaviour then the concept can be subject to more duplication due to possible modifications 
in configurations and fabrication requirements. The primary objective of this preliminary 
study is to obtain a method of carrying out analysis and obtaining reliable results to assess 
the collapse of a DLST this is then extended to a full scale model which is described in 
Chapters 5, 6 and 7 of this thesis. 
Experimental investigations of the progressive collapse phenomenon of DLSTs require an 
exhaustive exploration of the entire load-displacement response of the space truss system. 
As a result several numerical models have been developed to trace both linear and non-
linear behaviour up to collapse for DLSTs. Since so much depends on the reliability of 
these numerical models, however, until they are proven to be an accurate representation of 
the real model, the process of achieving validation is therefore important. This study aims 
to validate the experimental models developed by Parke (1988) for investigating the 
collapse behaviour of two square-on-square DLST systems. In this present study numerical 
analysis using the finite element method was carried out in parallel with the experimental 
study. The procedure used for the nonlinear numerical method is discussed. Conclusions 
on the merits and limitations of this numerical method are also identified and illustrated at 
the end of this chapter, which are an important reference for researchers and engineers in 
adopting a versatile method of analysis which is capable of dealing with the nonlinear static 
progressive collapse analysis of the DLST system.  
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3.2 Experimental Model  
Parke (1988) participated in experimental work involving investigation of the possibility 
of improving DLST structures. In order to capture both the load-displacement response and 
the collapse behaviour he tested four specimens and loaded them up to collapse under a 
displacement controlled hydraulic actuator shown in Figure 3.1. Two of his specimens 
incorporated a novel force limiting device used to improve the behaviour of his first two 
specimens. However, for this specific thesis only his first two specimens are used for the 
verification of the numerical models developed in this present study.  
 
 
Figure 3.1 Loading system of Model 2 (Parke, 1988) 
 
The model of a truss structure should reflect as accurately as possible the actual structure, 
so that a model with fixed joints has to be used when the joints are effectively fixed. 
Generally real life truss members have fixed joints, as the actual joints are welded or bolted. 
Bolting usually provides the structure with semi rigid joints.  What allows the joints to be 
assumed as pinned in the analysis is due to the concept that the rotational stiffness of a truss 
member is very much smaller than the axial stiffness of the truss members. However, to 
simplify calculations, the truss structure is usually modelled as having pin joints, even if in 
reality the joints are semi-rigid. Fortunately, today it is not difficult to analyse any structure 
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having fixed joints due to existence of the finite element method. When the deflection at a 
point on a truss structure assumed to have pin joints is analysed, the deflection value is 
normally less than the actual deflection in the equivalent real life truss. Generally, a truss 
structure assumed to have fixed joints, carries both axial loads and moments whereby the 
structure can carry more loads when compared with the one having pinned joints where the 
members can only carry axial loads. Furthermore, a fixed joint provides additional strength 
with moments capacity about the joint. All members (vertical/diagonal/horizontal) joining 
at a fixed joint will carry some of the loads when the load from a single member is 
transferred into the joint. While the fixed joints assumed in this thesis do not behave like 
the pin joints in a pin jointed space truss system, it is more useful to model the structure as 
closely as possible to the real structure, therefore, the joints of the DLST system are 
assumed to be rigid.   
 
Figure 3.1 shows the plan and elevation of the top-chord, web and bottom-chord members 
of a double-layer space truss model structure that has been fabricated and tested to collapse 
as described in Parke (1988). The model of the square-on-square double-layer space 
structure, used tubular and solid steel bar members with the bottom chord plan dimension, 
1.8m square. The bottom-chord members were arranged in a 5x5 square-on-square grid and 
the top chord members were in a 4x4 square-on-square grid. The model of 254.56mm depth 
allows every member to be the same length. The whole space truss model is in a simply 
supported condition and rests on the supporting columns positioned at the four corners of 
the bottom chord. Physical models of this type of double-layer space truss structure had 
been used by Parke (1988) to investigate the possibility of improving space truss collapse 
behaviour.  Two of his models named Model 1 and Model 2, which are considered in this 
investigation, are identical in terms of spans, member arrangements (Figure 3.2) and 
support conditions (Figure 3.3).  However, the loading conditions and the types of some of 
the web members for the two models are different.  Figure 3.2 also shows the node and 
member numbers used for Model 1 and Model 2. The plan and three-dimensional view of 
the model structure is shown in Figure 3.3.  Figure 3.4 and Figure 3.5 show the type of each 
member used for Model 1 and Model 2 respectively. The properties of the member types 
T1, T5 and T6 are given in Table 3.1.  
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Dimensions in mm 
Figure 3.2 Plan and elevation of Model 1 and Model 2 (Parke, 1988) 
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Figure 3.3 Plan and three dimensional view of Model 1 and Model 2 showing boundary conditions. 
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Figure 3.4 Double-layer space truss with member types T1, T5 and T6 for Model 1 (Parke, 1988) 
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Figure 3.5 Double-layer space truss with member types T1, T5 and T6 for Model 2 (Parke, 1988) 
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Table 3.1 Cross sectional dimensions of member types (Parke, 1988) 
Profile 
Member Type 
T1 T5 T6 
Shape Tubular Tubular Solid Circular 
Diameter  4.76 9.52 10.00 
Thickness  0.91 0.91 - 
Cross Sectional Area (mm2) 11.00 24.61 78.54 
 
3.3 Finite Element Modelling Approach ABAQUS Version 6.10 
In this section the detail finite element model approach is created and discussed.  
 Formation of the numerical Models 1 and 2  
This investigation simulates the physical model shown in Figure 3.2 using a general 
purpose finite element computer package ABAQUS (Abaqus FEA, 2010). This package is 
available in the Faculty of Engineering and Physical Sciences, University of Surrey, UK.  
The simulation results were compared with the experimental results obtained by Parke 
(1988).  
 
When using ABAQUS, values of the material and section properties, support and loading 
conditions and dimensions of the model, become the input data for the finite element 
software in order to determine the behaviour of the model.  Exact copies of the physical 
models given in Parke (1988) were analysed using ABAQUS where the performance of the 
numerical models were investigated.  Thus, the results of the applied loads with 
corresponding deflections, strains and stress contours were obtained and compared with 
results obtained by Parke (1988) from the physical models.  
 
Prior to carrying out the analysis, a three dimensional configuration of the members as 
given in Figure 3.3, was created using a computer programming language called 
FORMIAN (2000) (Hoshyar & Disney, 2000).  It was assumed that the truss members are 
rigidly connected together at all the intersection points.  Hence, this produces 200 beam 
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finite elements that are connected together at 61 nodes as shown in Figure 3.2.  Once the 
skeleton layout has been formed in FORMIAN (2000) the whole configuration is 
transferred into ABAQUS for the other important inputs which are necessary for the finite 
element analysis, such as the sectional and material properties and the loading and 
boundary conditions of the model.  The cross sectional dimensions of the various member 
types are given in Table 3.1. Beam elements, type B32, which correspond to circular hollow 
tubes, were meshed with an approximate size of 0.072m was chosen to model the structural 
members. 
 Material Properties 
Material nonlinear tension behaviour is incorporated so that plasticity effects are captured. 
The material properties assigned to each member type are displayed in Table 3.2 and shown 
in Figure 3.6.  These values are taken from the material tensile test done by (Parke, 1988). 
Table 3.2 Material properties of member types in Tension and Compression (Parke, 1988) 
Tension 
Material 
Behaviour 
Member Type 
T1 T5 T6 
Elastic 
Range 
Young’s 
Modulus  
Poisson’s 
Ratio 
Young’s 
Modulus 
(N/mm2) 
Poisson’s 
Ratio 
Young’s 
Modulus 
(N/mm2) 
Poisson’s 
Ratio 
200.9x 103 0.3 200.1 x 103 0.3 201.5 x 103 0.3 
Yield Stress 252.53N/mm2 352.84 N/mm2 515.02 N/mm2 
Plastic 
Range 
Stress 
(N/mm2) 
Plastic 
Strain 
 
Stress 
(N/mm2) 
Plastic 
Strain 
Stress 
(N/mm2) 
Plastic 
Strain 
253 0.00111 353 0.00113 515 0.00454 
265 0.01555 359 0.02386 524 0.00568 
316 0.02777 412 0.05227 531 0.01136 
328 0.05550 446 0.07954 546 0.03636 
354 0.10668 452 0.09659   
  452 0.13295   
 
Compression Material 
Behaviour 
Member Type 
T5 T6 
Flexural Buckling Stress 319 N/ mm2 313N/ mm2 
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Figure 3.6 Stress Vs Strain for member type T1, T5 and T6 (Parke, 1988) 
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 Boundary conditions 
Each of the four corner supports provides constraint along the vertical (y) axis where uy=0, 
and free rotation about the three principal axes. However, the support at node 1 is also 
constrained in the horizontal (x and z) direction where ux=0 and uz=0.  Supports at node 6 
and 56 are also constrained along one of the axes in the horizontal plane, i.e. ux=0 and uz=0 
respectively.  The support at node 61 is unconstrained against translation in the horizontal 
plane.  Table 3.3 explains the boundary conditions applied in the finite element models.  
Table 3.3 Boundary conditions for Model 1 and Model 2 
Node No 
(see Figure 3.2) 
Translation Rotation 
ux uy uz x y z 
1 Restrained  
Restrained 
Restrained  free free free 
6 Restrained  Restrained  Free free free free 
61 Free Restrained  Free free free free 
56 Free Restrained  Restrained  free free free 
 
   The y axis is the vertical axis. 
   The x and z axes are in the horizontal plane. 
 Loading conditions 
Model 1 and Model 2 have the same configuration and boundary conditions. However, 
their loading conditions are different. Model 1 is centrally and vertically loaded with one 
concentrated load at node 31, situated at the center of the top chord. Model 2 is 
symmetrically and vertically loaded at four points on the top chord i.e. at nodes 19, 21, 43 
and 41 (see Figure 3.2). 
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3.4 Discussion related to Model 1 
As shown in Figures 3.4 and 3.5, all of the bottom chord and top chord members are of type 
T1 and T6 respectively. The web members are of type T5, except for the four diagonal web 
members in the centre and the four corner web members, which are of type T6.  Table 3.4 
compares the experimental (Parke, 1988) and finite element theoretical results of deflection 
values for selected nodes of Model 1, taken from two separate values of the applied load, 
namely; 4052N and 7458N.  The table shows that all of the deflections are within 14.1% of 
the experimental results.  As observed from Table 3.4 the theoretical deflections of the 
boundary nodes are lower than the measured experimental values whereas, the theoretical 
deflections of the central nodes are greater than the measured values. The selected higher 
load value of 7458N is still within the linear elastic range as can be seen in Figure 3.8.  
 
Figure 3.7 gives the member stress ratios for Model 1 subject to the imposed load of 8160N 
which is at the end of linear elastic range (See Step 2 in Figure 3.8).  The stress ratio for a 
tension member is taken as the member stress divided by the yield stress and for a 
compression member is taken as the member stress divided by the critical flexural buckling 
stress. As can be seen from Figure 3.7, Member 13, 18, 43 and 48 are the most highly 
stressed bottom chord tension members with a stress ratio of 1.00 and Member 62, 63, 78, 
82, 83, 98 and 99 are the most highly stress compression members with a stress ratio of 
0.14.  
 
Figure 3.8 shows graphs of load versus vertical displacement at node 31 obtained 
experimentally by Parke (1988) and also obtained theoretically using the finite element 
method. The load displacement behaviours of both graphs have a similar pattern and are 
closely related up to about a value of displacement of 100mm.  Both graphs exhibit a ductile 
post-elastic load displacement response. 
 
As indicated in Table 3.5 as the imposed load was increased to 9181N (at Step 3 in Figure 
3.8). Member 8, 23, 38 and 53 yielded since the stress ratio value is equal to 1.00 (See 
Table 3.6). Yielding was then followed by Member 3, 28, 33 and 58 since these member 
have 1.00 as their stress ratio (See Table 3.6) at the corresponding load of 9565N (at Step 
4).  As the load increased to 10331N (at Step 5) and then to 12151N (at Step 6) Member 2, 
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4, 27, 29, 32, 34, 57 and 59 and then Member 7, 9, 22, 24, 37, 39, 52 and 54 yielded 
respectively. Yielding continues in the bottom chord members until the imposed load 
reaches a value of 12171 N (at Step 7) where the top chord compression Member 70, 71, 
90 and 91 become unstable and buckle as indicated in Table 3.6 where the stress ratio is 
equal to 1.00. Table 3.6 demonstrates the collapse philosophy of the model.  The yielding 
of the bottom layer in tension allows a slow and graceful collapse with load being 
maintained as the stress ratios of the yielded members are exceeding 1.00. 
 
It can be seen from Figure 3.8 and Table 3.5 that the experimental results show that the first 
catastrophic failure occurs when bottom chord Member 43 ruptured with a complete tensile 
failure.  The tensile failure or rupture of material type T1 was found to have a strain value 
of 0.10688 as shown in Table 3.2 and Figure 3.6.  However, in the finite element analysis 
the strain in Member 43 at the failure load (Step 7) was 0.10414 as given in Table 3.7.  This 
is certainly within the range of experimental error for the tensile test response data used in 
the finite element analysis because the failing stress is 97.6% (Table 3.7) of that obtained 
from the tensile test result.  
 
Figure 3.9 shows the evolution of the von misses stresses of Model 1 where the loads 
corresponding to Steps 2 to 7 are shown in Figure 3.7.  From the diagrams in Figure 3.9, 
yielding in the bottom chord (tension) members starts around the centre members as shown 
in Step 2 and then spreads outwards towards the boundary members.  Yielding continues 
in the bottom chord members until the load reaches a value corresponding to Step 7, where 
the top chord (compression) members become theoretically unstable and buckle.  The 
deformed shape of the model is shown in Figure 3.10. 
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3.5 Discussion related to Model 2 
As shown in Figure 3.5, Model 2 has the same configuration as Model 1 (Figure 3.4) except 
that the four central web members are of type T5 (tubular) instead of type T6 (solid). This 
model is simultaneously loaded at four top chord nodes i.e. node 19, 21, 41 and 43.  
 
Table 3.8 gives the deflections determined theoretically using the finite element method 
and the deflections determined experimentally by Parke (1988). The deflections correspond 
to two applied loads namely, 8000N and 10240N where both loads are within the linear 
elastic behaviour as can be observed from Figure 3.12. As shown in Table 3.8, subject to a 
total load of 8000N, the percentage difference of the theoretical deflection as compared to 
the experimental value is within 19.5%, which occurs at the boundary nodes 3, 4 and 5. 
However, for the remaining nodes, the maximum percentage difference is less, only 11.7%. 
When the structure is subject to a total load of 10240N, the theoretical deflection at all 
nodes are lower than the corresponding experimental values. Boundary nodes 3, 4 and 5 
have 29.2% lower deflection than the experimental values.  However, the other nodes are 
only 20.7% lower than the measured experimental deflections. These differences are large 
because of the following two reasons. Firstly, the material properties assumed in the finite 
element analysis are taken from the average values of not many experimental tensile tests. 
Secondly, the joints in the finite element models were not modelled exactly like the actual 
joints in the experiment. Hence, the member lengths in the finite element model become 
longer than the actual member lengths in the experiment. Nevertheless the same trend and 
behaviour was observed for both models i.e. Model 1 and Model 2. 
 
Figure 3.11 shows the stress ratios for the model at the end of the linear elastic range 
corresponding to a total load on the structure of 10840N (at Step 2 in Figure 3.12).  As 
shown in Figure 3.10 member 3, 28, 33 and 58 are the most heavily stressed bottom chord 
tension members having stress ratio of 1.00, indicating that the forces in the members are 
just sufficient to cause the members to yield. Whereas, the top chord compression members 
62, 63, 98, 99 etc, are the most heavily stressed top chord compression members with a 
stress ratio of 0.19, which is considered to be very low or under stressed when compared 
with the value for tension members. However, the four corner web compression members 
101, 118, 184 and 199 have a stress ratio of 0.11 as given in Table 3.10.   
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Figure 3.12 shows the load displacement behaviour of Model 2 obtained theoretically using 
the finite element method and experimentally by Parke (1988).  The graphs show close 
agreement between the theoretical and experimental displacement over the linear range and 
early portion of the nonlinear range. The nonlinear range is associated with the strain 
hardening of the yielding tension members. Table 3.9 indicates the experimental and 
theoretical behaviour of the critical members.  
 
As the imposed load is increased to 12190N (at Step 3 in Figure 3.12) members 2, 4, 32, 
34 etc. began to yield. This is shown by the stress ratio value of 1.00 as given in Table 3.10.  
The next group of members to yield are members 7, 8, 9, 22, 23, 24, 37, 38, 39, 52 and 53 
when the structure was subject to a total load of 14230N (Step 4).  At 14990N (Step 5) 
members 1, 5, 31, 35 etc. started to yield, followed by members 12, 13, 14, 18, 37, 43, 47 
and 48, which yielded when the load reached 16140N (Step 6).  When the load reached 
16716N (Step 7), the web members 103, 120, 182 and 197 yielded. Finally when the load 
on the structure reaches 18296N (Step 8), the corner web members 101, 118, 184 and 199 
buckled in compression.  Also, point B on the experimental curve signifies the failure of 
Model 2 caused by buckling of the corner web compression member 118 when Model 2 
was subjected to a total load of 18598N.    
 
The evolution of von misses stresses of Model 2 from Step 2 to 7 is shown in Figure 3.13 
and the deformed shape of Model 2 is shown in Figure 3.13. 
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Table 3.4 Comparison of Experimental and Finite Element Deflection for Selected Nodes in Model 1. 
Total Imposed Load = 4052 N Total Imposed Load= 7458 N 
Node Numbers 
b: boundary node 
c: inner node 
 
Experimental 
Vertical 
Displacements 
(mm) 
FE Vertical 
Displacements 
in (mm) 
Percentage Difference 
: Lower than experimental 
: Higher than experimental 
Node Numbers 
b: boundary node 
c: inner node 
 
Experimental 
Vertical 
Displacements (mm) 
FE Vertical 
Displacements 
in (mm) 
Percentage Difference 
: Lower than experimental 
: Higher than experimental 
39b 1.113 1.037 6.8  39b 2.170 1.911 11.9  
38c 1.300 1.347 3.6  38c 2.509 2.483 1.0  
33b 1.274 1.252 1.7  33b 2.471 2.307 6.6  
32c 1.506 1.592 5.7  32c 2.938 2.934 0.1  
28b 1.144 1.037 9.3  28b 2.225 1.911 14.1  
31c 2.007 1.854 7.6  31c 3.668 3.417 6.8  
27c 1.335 1.347 0.9  27c 2.561 2.483 3.1  
22b 1.163 1.087 6.5  22b 2.234 2.004 10.3  
20c 1.588 1.592 0.3  20c 2.969 2.934 1.2  
21c 1.325 1.415 6.8  21c 2.559 2.609 1.9  
17b 0.791 0.707 10.6  17b 1.516 1.303 14.1  
25c 1.598 1.652 3.4  25c 3.001 3.044 1.4  
26c 1.572 1.652 5.1  26c 2.994 3.044 1.7  
11b 0.731 0.636 13.0  11b 1.349 1.173 13.1  
16c 1.113 1.067 4.2  16c 2.099 1.966 6.3  
15c 1.345 1.347 0.2  15c 2.527 2.483 1.7  
9b 1.291 1.252 3.0  9b 2.412 2.307 4.3  
10b 1.152 1.087 5.6  10b 2.159 2.004 7.2  
14c 1.313 1.347 2.6  14c 2.450 2.483 1.3  
3b 1.119 1.037 7.3  3b 2.062 1.911 7.3  
4b 1.107 1.037 6.3  4b 2.070 1.911 
7.7  
 
5b 0.798 0.707 11.4  5b 1.474 1.303 11.6  
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Figure 3.7 Critical stress ratios and member numbers for Model 1 at first yield 
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Figure 3.8 Load Vs central node displacement measured at node 31 for Model 1. 
Table 3.5 Description of points shown on the experimental and finite element load-displacement 
curves as shown in Figure 3.8 for Model 1. 
Experimental Results  
Point A Catastrophic tensile failure of bottom chord Member 43 
Finite Element Results  
Step 1-2 Elastic response 
Step 2 (8160N) Yield of bottom chord members 13,18,43,48 
Step 3 (9181N) Yield of  bottom chord members 8,23,38,53 
Step 4 (9565N) Yield of bottom chord members 3,28,33,58 
Step 5 (10331N) Yield of bottom chord members 2,4,27,29,32,34,57,59 
Step 6 (12151N) Yield of bottom chord members 7,9,22,24,37,39,52,54 
Step 7 (12171N) 
Buckling of top chord compression members 70, 71, 90, 
91 
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Table 3.6 Stress ratios for members of Model 1 
Finite 
Element 
Analysis 
Members 
 
Tension Members (bottom chord) 
 
 
Compressio
n members 
(top chord) 
13,18,43,48 8,23,38,53 3,28,33,58 2,4,27,29, 
32,34,57, 
59 
7,9,22,24, 
37,39,52,5
4 
70, 71, 90, 
91 
Step 2 1.00 0.80 0.81 0.76 0.51 0.11 
Step 3 1.00 1.00 0.93 0.87 0.61 0.15 
Step 4 1.02 1.01 1.00 0.93 0.63 0.21 
Step 5 1.13 1.10 1.08 1.00 0.68 0.36 
Step 6 1.37 1.34 1.32 1.01 1.00 0.99 
Step 7 1.38 1.35 1.33 1.01 1.00 1.00 
  
Table 3.7 Value in percentage of member strain divided by strain at rupture for Member 43 of Type 
T1 
Finite 
Element 
Analysis 
Axial Strain 
(Finite Element 
Results) 
Strain at rupture 
for type T1 
(Experiment results 
from Parke (1988) 
Percentage 
Step 2 0.00084 
0.10688 
0.8% 
Step 3 0.00144 1.4% 
Step 4 0.00232 2.2% 
Step 5 0.01848 17.3% 
Step 6 0.04886 45.8% 
Step 7 0.10414 97.6% 
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Step 7 
Figure 3.9 Evolution of von misses stresses for Model 1 from Step 2 to 7 
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Figure 3.10 Deformed shape of Model 1 showing the deflection of members in the vertical (y) direction. 
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Table 3.8 Comparison of Experimental and Finite Element Deflections for Selected Nodes in Model 2. 
 
Total Imposed Load 
8000 N 
Total Imposed Load 
10240 N 
Node Numbers 
b: boundary node 
c: internal node 
 
Experimental 
Vertical 
Displacements 
(mm) 
FE Vertical 
Displacements 
in (mm) 
Percentage Difference 
: Lower than 
experimental 
: Higher than 
experimental 
Node Numbers 
b: boundary node 
c: internal node 
 
Experimental 
Vertical 
Displacements 
(mm) 
FE Vertical 
Displacements 
in (mm) 
Percentage Difference 
: Lower than 
experimental 
: Higher than 
experimental 
39b 2.404 2.188 9.0  39b 3.701 2.803 24.3  
38c 2.394 2.544 6.3  38c 3.795 3.259 14.1  
33b 2.476 2.467 0.4  33b 3.879 3.160 18.5  
37c 2.824 2.790 1.2  37c 4.441 3.574 19.5  
28b 2.478 2.188 11.7  28b 3.613 2.803 22.4  
27c 2.408 2.544 5.7  27c 3.730 3.259 12.6  
22b 2.377 2.174 8.5  22b 3.514 2.786 20.7  
17b 1.575 1.447 8.1  17b 2.291 1.854 19.1  
25c 2.739 2.790 1.8  25c 4.342 3.574 17.7  
11b 1.411 1.287 8.8  11b 2.086 1.649 20.9  
16c 2.032 2.122 4.4  16c 3.162 2.718 14.0  
15c 2.41 2.544 5.6  15c 3.875 3.259 15.9  
9b 2.703 2.467 8.7  9b 4.177 3.160 24.3  
10b 2.311 2.174 5.9  10b 3.501 2.786 20.4  
14c 2.545 2.544 0.0  14c 4.048 3.259 19.5  
3b 2.651 2.188 17.5  3b 3.956 2.803 29.2  
4b 2.623 2.188 16.6  4b 3.836 2.803 26.9  
5b 1.797 1.447 19.5  5b 2.531 1.854 19.5  




 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Chapter 3 – Preliminary Study of A DLST Using the FEA Method 
  
 
73 
 
 
Figure 3.11 Critical stress ratios and member numbers for Model 2 at first yield
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Figure 3.12 Load Vs vertical displacement for node number 25 for load applied at four top chord 
nodes (19, 21, 24 and 43) of Model 2 
 
Table 3.9 Description of points shown on the experimental and finite element load-displacement 
curves as in Figure 3.12 for Model 2 
 
 
Experimental Results  
Point B Buckling of corner compression web member 118 
Finite Element Results  
Step1-2 Elastic response 
Step 2 (10840N) Yield of members 3,28,33,58 
Step 3 (12190N) Yield of members 2,4,32,34,27,29,57,59 
Step 4 (14230N) Yield of members 7,8,9,22,23,24,37,38,39,52,53 
Step 5 (14990N) Yield of members 1,4,5,30,30,31,35,56,60 
Step 6 (16140N) Yield of member 12,13,14,17,18,19,42,43,44,47,48,49 
Step 7 (16716N) Yield of member 103,120,182,197 
Step 8 (18296N) Buckling of corner compression web members 101,118, 184, 199 
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Table 3.10 Stress Ratios for Model 2 
Finite 
Element 
Steps 
Members 
 
Tension Members (bottom chord) 
 
Tension 
Members 
(web) 
 
Compres
sion 
members 
(web) 
3, 28, 
33, 58 
2, 4, 32, 
34, 27, 
29, 57, 
59 
7,8,9,22
,23,24,3
7,38,39,
52,53 
1, 4, 5, 
30, 31, 
35, 56, 
60 
12, 13, 
14, 17, 
18, 19, 
42, 43, 
44, 47, 
48, 49 
103,120, 
182, 197 
101,118, 
184,199, 
Step 2 1.00 0.97 0.70 0.72 0.38 0.28 0.17 
Step 3 1.00 1.00 0.89 0.81 0.45 0.38 0.20 
Step 4 1.00 1.00 1.00 0.95 0.73 0.57 0.24 
Step 5 1.00 1.00 1.00 1.00 0.88 0.64 0.25 
Step 6 1.04 1.04 1.04 1.08 1.03 0.95 0.63 
Step 7 1.08 1.09 1.14 1.14 1.06 1.02 0.71 
Step 8 1.18 1.20 1.19 1.29 1.19 1.02 1.20 
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Step 8 
Figure 3.13 Evolution of von misses stresses in Model 2 from Step 2 to 8 
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Figure 3.14 Deformed shape of Model 2 showing deflection of members in the vertical (y) direction 
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3.6 Extended Analysis of Double-Layer Space Truss 
 
In this study the nonlinear analysis using Newton’s method was able to predict the collapse 
behaviour for both models as shown in the experimental results up to where the first 
member failed but unable to capture the post buckling behaviour. In an attempt to capture 
the post buckling behaviour, an extended analysis was performed by the author using Riks’s 
method. In applying Rik’s method, it was observed that the numerical simulation for Model 
2 (see Figure 3.15) was in very good agreement with the experimental results however, not 
such a close agreement was obtained for Model 1(see Figure 3.16). For Model 1 the Rik's 
Method actually makes it more ductile but it doesn't snap or break in tension. So when 
using the Rik's Method it was unable to simulate the snapping of the tensile member or 
breaking.  Therefore, further work was needed by the author in order to successfully capture 
the post buckling behaviour for Model 1 possibly by investigating in greater detail the 
material nonlinearity of the model steel members. This however, will be discussed in 
section 3.6.1 in this chapter. Figure 3.15 and Figure 3.16 show the results obtained for 
Model 2 and Model 1 respectively using Rik’s Method to follow both the softening and 
possible snap through behaviour.  
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Figure 3.15 Verification of the experimental results using riks’s method and Newton’s method for 
Model 2 
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Figure 3.16 Verification of experimental results using riks’s method and Newton’s method for Model 
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 Improvement of Model 1 
In order to simulate the nonlinear behaviour of Model 1, initially two different approaches 
have been used i.e. Newton’s Method which used load control as the controlling parameter 
and Rik’s Method which used the displacement control as the controlling parameter.  
Although both methods were able to produce important collapse responses up to the first 
member failure (see Figure 3.16), Model 1 is still less advanced and therefore there is much 
room for improvement.  
 
To follow the experimental results for Model 1, next was to use Newton’s Method based 
on displacement control instead of load control. This method is used together with member 
removal strategy. Member removal is adopted when a member in the DLST of Model 1 has 
gone past its full ductility and actually breaks. It is performed by removing the member 
which is done by editing the input file. This is performed by identifying the critical tension 
member that has reached the strain value at rupture (see Table 3.7). From here the element 
number of that particular member is identified and an element removal command is applied 
into the input file. An example of the element removal command is presented in Figure 
3.17 whereas the full input file is shown in Appendix A1.  
 
Figure 3.17 Example of element removal command 
The reason behind the member removal strategy adopted in this analysis for Model 1 is 
because during the experimental work, as the imposed load acting on the structure 
increased, yield spread through the bottom chord members of the structure causing the first 
member to fail to be a tension member.  At this point, the particular ruptured member was 
removed by Parke (1988) and the analysis was continued following the removal of the 
failure of the next tension member which was also removed. The procedure was repeated 
until three bottom tensile members were removed from the numerical model. 
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 Application of Member Removal Strategy for Model 1 
In the experiment it has been observed that member 43 failed first in tension and this 
behaviour has similarly been observed in the finite element model (Model 1). Therefore in 
applying the member removal strategy, member label 43 in Model 1 is removed (see Figure 
3.18(i)) when it reaches its full rupture strain which is at a displacement of 100mm. The 
analysis is then continued until it reaches a displacement of 110mm whereby the next 
member to reach its rupture strain is member label 38 (see Figure 3.18 (ii)). This member 
is then removed using the similar procedure until the next member has been observed and 
reaches its rupture strain, which is member 33 (see Figure 3.18 (iii)) at displacement 
113mm. Thereafter the analysis was continued and finally stopped as the structure couldn’t 
carry any more load. The analysis stopped because the structure became a mechanism.  The 
full collapse behaviour of Model 1 using member removal strategy is shown in Figure 3.18 
(iii). This method is fairly automatic whereby the computer searches for member that 
reaches its strain limit and is removed automatically. However, in this study, this member 
removal, which can be done automatically, is out of this PhD scope, therefore the member 
is removed manually by editing the input file of the model. 
 
 
Figure 3.18 (i) 
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Figure 3.18 (ii) 
 
 
Figure 3.18 (iii) 
Figure 3.18 Verification of experimental results using Newton's Method (i) Removal of Member 43 (ii) 
Removal of Member 43 & 38 (iii) Removal of Member 43, 38 & 33 
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3.7 Concluding Remarks  
In this chapter a numerical small model of a double-layer system has been established using 
the finite element software ABAQUS version 6.10. The numerical results obtained have 
been verified using pre-existing experimental results. The collapse behaviour of two 
square-on-square DLST models have been simulated in this investigation. The behaviour 
of the physical models presented in earlier work were analysed following the complete non-
linear collapse response of the structures. Parametric analyses of the DLST have also been 
undertaken investigating several different parameters including loading and member 
dimensions. It has been found that several key parameters influence the behaviour of 
DLSTs and these have been identified. A detailed comparison is made between the existing 
experimental results and the finite element analysis results. The results of the applied loads 
with corresponding deflections and stress contours were obtained and compared with 
results from the physical models. Good agreements between the results are obtained. The 
progressive collapse behaviour of the simulated models is also presented. 
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Chapter 4 
4 Design of a Full Scale Double-Layer Space 
Truss Structure  
4.1 Introduction 
In Chapter Three of this thesis, a small double-layer space truss (DLST) prototype model 
covering an area 1.8 m x 1.8 m, tested experimentally by Parke (1988) was used to validate 
the numerical results obtained in this present study using ABAQUS/CAE Version 6.10 
software. In this chapter, the small model is extended to a full scale model covering an area 
of 60 m x 60 m. Due to the large size and the complexity of modelling the full scale model, 
the design and analysis were undertaken using the commercially available computer 
program SAP 2000 Version 15.0. The geometry of the model was first simulated using a 
computer program named FORMIAN (2000). The design of the space truss members is 
based on the optimization method explained in Section 4.3.2. The results of the analysis 
obtained using SAP 2000 have also been validated using ABAQUS, which is explained in 
Chapter 6. The analysis and design of DLTSs with three different support conditions, i.e. 
four corner supports, eight boundary supports or fully supported along all boundaries 
known as Support S1, Support S2 and Support S3 respectively were carried out. The 
designs of the members are based on the Demand-Capacity Ratios (DCRs) of the members 
of the DLST.  DCR is an acceptance criterion for progressive collapse proposed by the 
General Services Administration Progressive collapse analysis and design guidelines (US 
General Services Administration, 2003). When linear analysis is used, the DCR of each 
member is equal to the ratio of the actual internal force over the ultimate force. If the DCRs 
for all members in a DLST are less than one, progressive collapse of the DLST should not 
occur. However, if some of the members are with DCRs greater than one, then this may 
lead to failure. 
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4.2 Demand-Capacity Ratio (DCR) 
In this present study a linear elastic analysis was performed to identify the ratio of the actual 
internal forces over the design capacity for a structural member when the structure is 
subjected to loading. This ratio is indicated as DCR.  According to (US General Services 
Administration, 2003) whenever a member is removed the increased or decreased DCR 
values of the other members are important to be determined. DCR value of a member can 
be calculated from Equation 5.1. The manual calculations have been done in accordance 
with “Eurocode 3- 2005” [BS EN1993-1-1]. 
DCR =  
QUD
QCE
                                                     (Equation 5.1) 
where, 
 QUD = Internal force occurring in a member. 
 QCE = Expected design capacity of the member. 
Whenever the DCR of a member exceeds the allowable DCR value of 1.0 this member is 
considered to be ‘overstressed’ and is used as a forecaster of damage. Elastic analysis was 
conducted for each removal of members in DLSTs using SAP 2000 program.   
 Demand Capacity Check of Structural Members 
The design tool incorporated in SAP 2000 Version 15.0 was used to design DLST 
members. The steel demand capacity check used by the design tool is based on Eurocode 3 
design code where the critical Demand-Capacity Ratio (DCR) for the members are based 
on the buckling and cross section resistance check. To design for buckling resistance and 
cross section resistance of members, the combined effects of axial loading and bending is 
utilised by the interaction Equation 6.3.4(4)-6.61 and Equation 6.2.1(7) respectively of BS 
EN 1993-1-1. In this study DCR of members greater than one is used to indicate the 
overstressed members. 
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To verify buckling resistance under combined bending and axial and axial compression 
Equation 6.61 of BS EN 1993-1-1 must be satisfied.   
𝐷𝐶𝑅 =
NEd
χyNRk
γM1
+  kyy
My,Ed+ΔMy,Ed
χLT
My,Rk
γM1
+ kyz
Mz,Ed+∆Mz,Ed
Mz,Rk
γM1
≤ 1.0                       (EC3 6.3.4-6.61) 
Whereas to verify cross-section resistance for bending and axial force Equation of BS EN 
1993-1 is expressed by:   
DCR =  
𝑁𝐸𝑑
𝑁𝑅𝑑
+ √(
My,Ed
My,RD
)
2
+ (
Mz,Ed
Mz,Rd
)
2
≤ 1.0 
(EC3 6.2.1(7)) 
 
Where  
NEd, My,Ed and Mz,Ed are the design values of the compression force and the 
maximum moments about the y-y and z-z axis along 
the member, respectively 
∆My,Ed, ∆Mz,Ed are the moments due to the shift of the centroidal axis 
according to 6.2.9.3 for class 4 sections, see Table 6.7 
χy are the reduction factor due to flexural buckling from 
6.3.1 
χLT is the reduction factor due to lateral torsional buckling 
from 6.3.2 
kyy, kyz, are the interaction factors  
𝛾𝑀1 Partial factor for resistance of members to instability 
assessed by member checks  
𝑁𝑅𝑘 Characteristics resistance to normal force of the critical 
cross section 
𝑀𝑦,𝑅𝑘 Characteristic value of resistance to bending moment 
about y-y axis 
𝑀𝑧,𝑅𝑘 Characteristic value of resistance to bending moment 
about z-z axis  
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4.3 Analysis Procedure 
The methods proposed in this present study provide important information and 
recommendations to assist researchers in the design and analysis aspects of a DLST against 
progressive collapse. While designing and analysing there are some important aspects that 
need to taken in detail. They are discussed in this thesis under two main areas, i.e. initial 
design procedure and size optimization of a DLST. 
 Initial Design Procedure 
There are a total of three full scale models having a plan size 60.0 m x 60.0 m each having 
different support conditions which were designed separately for the progressive collapse 
analysis. The DLST in this study has square-on-square grids consisting of two 
interconnected parallel networks with an offset grid configuration. As shown in Figure 
4.1(i) the upper chord members of the truss are indicated by full lines, the lower chord 
members are indicated by broken lines while the diagonal members are indicated by dotted 
lines. The DLST structure consists of 800 beam elements that are rigidly connected together 
at 221 joints. The roof structure uses tubular steel members. The lower chord members are 
in a 10 x 10 square grids with lower chord plan dimensions of 60.0 m x 60.0 m. The 
structure has a depth of 4 m and allows every upper and lower chord members to be of the 
same length, 6 m each. However, the length of every web members are 5.831 m each.  
Figure 4.2 (i) and 4.3 show the elevation and isometric views respectively.  
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Figure 4.1 (i) 
 
Dimensions in mm 
Figure 4.1 (ii) 
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Figure 4.1 (iii) 
Figure 4.1 (i) Plan view of DLST with Support S1, S2 and S3 (ii) Elevation view of DLST with 
Support S1, S2 and S3 (iii) Isometric view of DLST with Support S1, S2 and S3 
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Loadings are based on Eurocode 1993-1-1 (The European Union, 2005) whereby the 
loadings are vertically applied at the member joints. The constraints for all of the three 
types of boundary conditions are treated as simply supported. The focus of the analysis in 
this chapter is on linear elastic behaviour of DLST steel structures.  The aim of this chapter 
is to develop an optimization method for the design of DLST steel roof structures. The 
parameters needed for the design is limited to DLSTs with a known configuration, loadings 
and material properties. The member sizes are selected from a database of available 
structural hollow steel sections whose material properties are taken from The Steel 
Construction Institute (SCI) 2013 and the member connections are taken to be as rigid 
jointed. Therefore, this optimization method evaluates the member sizes with respect to the 
given boundary conditions. Each different type of boundary conditions uses different 
member section sizes in order to produce a more efficient and economical design. Upon 
completion, the method produces an optimized DLST for the prescribed loadings and 
boundary conditions and material properties. This present study involves design and 
analysis of DLST structures. Therefore, before the analysis using SAP 2000 is undertaken, 
initial design was carried out consisting of the followings: 
 Dimensions of members 
 Boundary conditions of structures 
 Loading conditions of structure 
 Material properties of members 
  
Chapter 4 - Design of a Full Scale DLST Structure 
 
93 
 
 Dimensions of members 
DLSTs are three-dimensional structures which consist of a large number of simple 
prefabricated modules. In order to understand the design process, the geometry of the DLST 
needs to be carefully determined. As referred to in Chapter 2 under subtopic titled 'Space 
Frame Dimensions Criteria', the selected space dimensions of 60.0m (Length) x 60.0m 
(Width) x 4.0m (Depth) satisfy the dimension selection conditions set in section 2.6.3.  
From the selected dimensions of the full scale model, the length to depth ratio gives a result 
of 15, which is within the range of 10-24, whereas length to width ratio gives  a result of 
1.0:1.0, which does not exceed the specified ratio of 1.5:1.0.  Figure 4.2 shows DLST model 
with its member label numbers.  
 
Figure 4.2 (i) Upper Chord Member Labels 
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Figure 4.2 (ii) Lower Chord MemberLabel 
 
Figure 4.2 (iii) Diagonal Member labels 
Figure 4.2 (i) Lower Chord Member Labels (ii) Upper Chord Member Labels (iii) Diagonal Member 
Labels  
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As mentioned earlier there are 800 members in each DLST, and because of the large 
number of elements involved, the DLST is first drawn using Formian Software and then 
exported to SAP 2000. Formian was selected because only a few instructions with short 
simple codes are required to create a complicated pattern with hundreds to thousands of 
members. Figure 4.3 shows the DLST created using Formian, where alongside the figure; 
the corresponding Formex data generation can be seen.  
 
Figure 4.3 Formex file as in Formian Software for creation of DLST  
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 Boundary Conditions 
In SAP 2000, Z is the vertical axis whereas X – Y axes are in the horizontal plane. Figure 
4.4 shows the joint labels of the DLST model. Members are connected at the joints. 
Supports for all DLSTs are situated along the perimeters including at the corners using 
restraints shown in Table 4.1, 4.2 and 4.3 for models with Support S1, Support S2 and 
Support S3 respectively.   
 
 
Figure 4.4 Plan view of DLST with Support S1, S2 and S3 
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Table 4.1 Boundary conditions for model with Support S1 
Node Numbers (see Figure 5.3) 
Translation Rotation 
Ux Uz Uy θx θz θy 
1 0 0 0 Free Free Free 
11 Free 0 0 Free Free Free 
111 0 0 Free Free Free Free 
121 Free 0 Free Free Free Free 
 
Table 4.2 Boundary conditions for model with Support S2 
Node Numbers (see Figure 5.3) 
Translation Rotation 
Ux Uz Uy θx θz θy 
1 0 0 0 Free Free Free 
11 Free 0 0 Free Free Free 
111 0 0 Free Free Free Free 
121,  Free 0 Free Free Free Free 
6, 56, 66, 116 Free 0 Free Free Free Free 
Table 4.3 Boundary conditions for model Support S3 
Node Numbers (see Figure 5.3) 
Translation Rotation 
Ux Uz Uy θx θz θy 
1 0 0 0 Free Free Free 
11 Free 0 0 Free Free Free 
111 0 0 Free Free Free Free 
121 Free 0 Free Free Free Free 
2, 3, 4, 5, 6, 7, 8, 9, 10, 12, 22, 23,  
33, 34, 44, 45, 55, 56, 66, 67, 77, 
78, 88, 89, 99,100,110,112,113,114 
115,116,117,118,119,120 
Free 0 Free Free Free Free 
 
The z axis is the vertical axis 
The x and y axes are in the horizontal plane 
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 Loading 
This present study considers loadings as follows; the gravity self-weight of the structure 
plus 0.4kN/m2 live load due to snow. The effect of snow load is taken as the greater effect 
compared to other types of variable actions, as snow load is one of the major loads that can 
affect space structures. This roof structure is designed to be accessible for normal 
maintenance and repairs. In this present study, the DLST under investigation is analyzed 
for a typical permanent dead and variable roof actions. For this DLST roof structure, purlins 
are utilised for the roofing system which are provided at the upper-chord nodes and act as 
an interface connection for the DLST. 
  Live loads: are same for all models 
 Superimposed permanent dead load: is same for all models 
 Self-weight: Calculated automatically using SAP 2000 
The roof loading data in Table 4.4 are used to design the roof members.  
Table 4.4 Roof Loading 
 
  
Actions Design Load  
Permanent Actions  Roof and insulation = 0.35kN/m2 
Purlins = 0.05kN/m2 
Services = 0.15kN/m2 
gk = 0.35 + 0.05 + 0.15 = 0.55kN/m
2 
Variable Actions  Imposed load = 0.6kN/m2  
Snow load = 0.4kN/m2  
qk= 0.6 + 0.4 = 1.0kN/m
2 
Combination of actions  The combination of actions for the DLST is 
subject to only permanent and variable actions. 
Permanent action  = 0.55 kN/m2 
Variable action  = 1.0 kN/m2 
Using Expression 6.10 as in BS EN 1990; 
Load =1.35DL + 1.5LL 
Load =1.35 x 0.55 + 1.5 x 1.0 = 2.24 kN/m2 
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Permanent action of 0.55kN per square metre and variable action 1.0kN per square metre 
are applied which are distributed vertically as point loads at each joint of the top grid 
members. Detail description on the loading calculation is described in Appendix A.   
 
Prior to the design the sizes have to be assumed first. The following shows sample 
calculations on the procedure for the selection of the initial sizes. The sample calculations 
are for the model with Support S1.  
 
Where,  W= 134.4 kN/m 
  Length = 60.0 m 
  NUPPER = 9 members 
  NLOWER = 10 members  
Using Figure 2.8, ratio of  
𝐿𝑒𝑛𝑔𝑡ℎ
𝐷𝑒𝑝𝑡ℎ
  is from 10 to 24.  
Selecting 
𝐿𝑒𝑛𝑔𝑡ℎ
𝐷𝑒𝑝𝑡ℎ
  =15, therefore Depth = 4.0 m 
Moment, M   = WL2 
                    8 
     
Moment, M   =   134.4 kN/m x (60.0 x 60.0) m2   = 60480 kNm 
                                8 
 
 Force = Moment = 60480 = 15120 kN 
    Depth          4 
 
  
  
60.0m  
2.24 kN/m2 x 60.0 m = 134.4kN/m 
4.0m  
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Force for upper chord members; 
 
Force = Moment = 15120 = 1680kN 
              NUPPER         9 
 
Force for lower chord members; 
 
Force = Moment = 15120 = 1512kN 
              NLOWER       10 
 
 
The forces obtained for each of the upper chord and lower chord member are 1680kN and 
1512kN respectively. These values are compared with the moment capacity values 
calculated based on BS EN 10210-2: 1997 to choose the most appropriate diameter size. 
The force in each of the 6.0m length member is equal to the load or force carried by the 
member. Based on the section properties in BS EN 10210-2: 1997 an outer diameter size 
of 273 mm is suggested to be assumed first to start the analysis. But note that this diameter 
size does not include the self-weight of the member, therefore one outer size higher i.e. 
323.9 mm outer diameter is chosen first to begin the analysis. This assumption is important 
in order to save time in analysing the member sizes of the DLST using SAP 2000 software.  
 
 Material Properties  
All of the three models with different boundary conditions are assumed to have the same 
member material properties. Steel with Young's Modulus of 210GPa, mass density of 7850 
kg/m3, Poisson's ratio of 0.3 and yield stress of 355MPa were selected for all member 
properties. 
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 Size Optimization of a Double-Layer Space Truss  
This present study describes an optimization method for analyzing and designing a DLST 
structure. A method is presented for finding the optimal sizes of the DLST members for a 
given load set and boundary conditions. The analysis process is generally an iterative 
process that involves many cycles of sequence steps. The design of the members was 
generated using repeated elastic analysis using SAP 2000. The sequence steps involved are 
modelling, performing analysis, reviewing the results and checking the design of the DLST 
members. The design specification made sure that no member is overstressed, no member 
can have a Demand Capacity Ratio (DCR) more or equal to 1 and the design analysis and 
design section must match. The main objective of this part of  the study is to provide clear 
step-by-step descriptions using linear-elastic static analysis considering progressive 
collapse, using commercially available structural analysis software, SAP 2000. The 
approach used aims to give a clear explanation of the research method to be easily 
understood and then is to be used by designers and engineers. The steps of the method are 
as follows: 
a) Analysis and design of full scale DLSTs with three different types of support conditions; 
four corners supports S1, eight supports S2 and fully supported all around S3.  
b) Provide sufficient details explaining the analysis procedure for any designers to replicate 
the work and obtain similar results. The procedure is as follows: 
 An initial trial design is assumed based on the given parameters i.e. space truss 
configuration, loading conditions, and material properties of the space truss 
members. 
 The response of the space truss is determined using elastic analysis and is evaluated 
with respect to the governing design specification and types of support conditions. 
 Member sections are selected once all specifications are fulfilled and the procedure 
to select is explained as in Section 4.3.2.1. 
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 Auto Section List (Space Truss Optimization) 
The aim of member size optimization is to search for the set of member sizes that has total 
minimum weight, and also DCRs for every members are not greater than a specified limit. 
Therefore, for an optimum design, SAP 2000 predicts the sizes that should be assigned to 
DLST members based on the 'Auto Section List' predefined by the designer. 'Auto Section 
List' is a list of steel section sizes that can be assigned to space truss members. Since tubular 
steel members are suggested to be used, the cross sections of DLST members can be chosen 
from the pipe section list given in Table 5.5 where d and t are outer diameter and thickness 
of the pipe section, respectively. However, if a suitable section size is not incorporated into 
the 'Auto Section List' the aim of the optimisation may not be achieved no matter how many 
times the analysis is rerun. In this study diameters and thicknesses selected are from 
Circular Hollow Hot Rolled Sections (CHHSs) which were chosen and imported into the 
'Auto Section List'. These sections are taken from the built in SAP 2000 library which 
utilizes Eurocode 3 (2005) steel section properties.   
Table 4.5 Available outer diameter, d and possible thickness, t listed in pipe section list 
No.  d  possible, t          No.  d  possible, t  
1. 139.7 5, 6.3, 8.0, 10.0     5. 273.0 5.0,6.3,8.0,10.0,12.5,14.2,16.0 
2. 168.3 5,6.3,8.0,10.0  6. 323.9 6.3,8.0,10.0,12.5,14.2,16.0,25 
3. 193.7 5.0,6.3,8.0,10.0  7. 406.4 6.3,8.0,10.0,12.5,14.2,16.0 
4. 219.1 5.0,6.3,8.0,10.0,12.5  8. 457.0 8.0,10.0,12.5,14.2,16.0 
 
In order to reduce the computational time of member sizing optimization, an initial design 
is conducted first to predict the necessary section size to begin the analysis with. In this 
case the following section size presented in Section 4.3.1.3 is used as the initial design size 
range to begin the design analysis.  
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 Space Truss Member Size Selection 
From the calculations in section 4.3.1.3, the maximum outer diameter of members is 
323.9mm. Therefore, a selection within this range is then made for outer diameter of upper 
chord (Dupper) members, outer diameter of diagonal chord (Ddiagonal) members and outer 
diameter of lower chord (Dlower) members, whereby Dupper must always be larger than Dlower 
and also Ddiagonal can either be larger or has the same outer diameter with Dlower. It is 
important to note that while the outer diameter of members must remain the same 
throughout, the thickness of each member can vary from each other. Once the initial 
member diameter sizes have been selected, the model is then run using SAP 2000 Software 
where there are two types of checks that must be performed; analysis & design match and 
stress/capacity check. SAP 2000 contains the calculation, which determines if the analysis 
& design matches. In a situation where the analysis & design do not match, the software 
would run again repeatedly where during each run the thicknesses of the members are 
automatically assigned to various other thicknesses until the results show that the analysis 
& design matches. After the match has been obtained, the next check to be performed is 
the stress/ capacity check. For this check, value of DCR are used where there are two 
conditions to be satisfied i.e. firstly DCR value must be less than 1 for each and every 
members of the model and secondly at least one of the members must have DCR value 
equal to 0.95 or more but not exceeding 1. This fulfilment indicates that all the members 
have passed the stress/capacity check. These specifications are selected to remove any 
violations of the specifications and also to improve the economy of the space truss roof 
structure.  To illustrate this process refer to Figure 4.5. 
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Figure 4.5 Flow Chart of Member Sizes Selection using SAP 2000 
 
STAR
T 
Select Dupper, Ddiagonal, 
Dlower 
yes 
No 
RUN SAP 2000 
until match 
 
 
 
Dupper>Ddiagonal 
and Dupper>Dlower  
Ddiagonal≥Dlower 
 
Check: DCR<1.0 for all 
members 
Check : 0.95≤DCR< 1.0 
for at least one member 
 
Does the analysis and 
design and section 
match? 
 
Does the 
stress capacity 
check pass? 
 
Print section sizes 
STOP 
No 
yes 
yes 
yes 
No 
No 
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 Example: Design of DLST with Support S1  
In each of the DLST, its geometry, loading and material properties are all kept constant, 
while the member section sizes are assumed as design variables with respect to the types 
of support conditions. In order to utilize its material up to the limit, the sizes of the members 
are optimized and making sure that at least one or some of the members have DCR more 
than 0.95 but less than 1.00. In cases when, none of the DCRs value of all members are in 
the range, therefore, the member thicknesses are to be reduced. However, if one or more 
members reach DCR values more than 1.00 than the members is overstressed, whereby a 
larger outer diameter member is then required. The following procedure describes the 
design methodology used in selecting the optimum member sections of DLST with Support 
S1. From the initial design calculation described in Section 4.2.1.3, the outer diameter for 
all upper layer members has been calculated to be 323.9 mm. Therefore this design phase 
using SAP 2000 software starts by assigning all the upper layer members to have an outer 
diameter of 323.9 mm with each member thickness taken from Table 5.5 and optimized by 
the software. A smaller outer diameter of 273.0 mm with thicknesses selected from Table 
4.5 are assigned to all diagonal and lower layer members. The process is rerun and repeated 
until all checks are fulfilled as described in the flow chart shown in Figure 4.4.  Table 4.6 
shows the number of runs conducted by SAP 2000 until the most optimum member section 
sizes for the DLST with Support S1 are obtained. Results by SAP 2000, show the following. 
Since after the first run there are some members still having DCR >1.0, therefore the outer 
diameters have to be increased for the second run. After that the results indicate that all 
members have DCR< 1.0.  The same process is repeated for the other DLSTs with Support 
S2 and Support S3. The final section sizes achieved are shown in Table 4.7. Whereby the 
highest DCR values for all support conditions are set to be in the range of 0.95 to 1.00; to 
indicate optimum section sizes are achieved. Table 4.9 to 4.11 show the DCR values for 
DLSTs with Supports S1, S2 and S3 respectively and their maximum DCR values are 
0.992207, 0.99354 and 0.999723 respectively. Since these values are very close to 1.0 
therefore the section sizes obtained must be optimum. Due to the space truss being 
symmetry in terms of configuration and support conditions, only one-eighth of the members 
are shown. Figure 4.6, 4.7 and 4.8 show the final member section sizes chosen for the 
DLSTs with Support S1, Support S2 and Support S3 respectively based on the optimization 
method, whereas Table 4.8 shows the section sizes based on the labels shown in the figures.  
Chapter 4 – Preliminary Study of A DSLT Using Finite Element Analysis Method 
 
 
106 
 
The section sizes of members are different from each DLST structure subject to different 
support conditions, since member of each DLST carries the load differently depending on 
its number of constraints. An overall reduction of 71% difference of weight is obtained 
between DLST with support S3 compares to with Support S1.  Whereas 19% reduction in 
weight is obtained between DLST with Support S3 compare to with S2. It is seen that 
having more constraints allows the DLST to obtain a lighter structure. The number of 
supports changing from 4, 8 to 40 in the DLST systems give 1.71:1.19:1 respectively as 
their weight ratios as shown in Table 4.7.   
Table 4.6 Performance Comparison for DLST with Support S1 
 Run # 1 Run # 2 
Dupper : 323.9 mm :406.4 mm 
Dlower : 273.0mm : 323.9 mm 
Ddiagonal  : 273.0mm : 323.9 mm 
Self-weight of members : 3279.4kN : 3862.96kN 
Number of overstressed members  
DCR >1.0  
:(12 upper-chord members) 
:(16 lower-chord members) 
:(4 diagonal members) 
:None  
 
Table 4.7 Demand Capacity Ratio for DLSTs with various supports. 
Type of Support 
Condition 
Support S1 Support S2 Support S3 
Member with the 
highest  DCR 
DCR = 0.992207 for 
(Upper) compression 
member 223, 227, 
304, 308, 313, 317, 
394, 398 
DCR = 0.99354 for 
(Lower) tension  
member 53, 58, 163, 
168 
DCR = 0.999723 for 
(Upper) compression 
member 259, 263, 
268, 272, 349, 353, 
358, 362 
Self weight of 
members 
3862.96 kN 
(1.073kN/m2) 
(171%) 
1697.84kN 
(0.472kN/m2) 
(119%) 
1425.00kN 
(0.396kN/m2) 
(100%) 
Weight Ratios 1.71 1.19 1 
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Table 4.8 Member types with section sizes 
Member 
Type 
Section Size 
Member 
Type 
Section Size 
Member 
Type 
Section Size 
R1 139.7 x 10 R10 193.7 x 8 R19 323.9 x 6.3 
R2 139.7 x 5 R11 219.1 x 10 R20 323.9 x 8 
R3 139.7 x 6.3 R12 219.1 x 12.5 R21 406.4 x 10 
R4 139.7 x 8 R13 219.1 x 5 R22 406.4 x 16 
R5 168.3 x 5 R14 219.1 x 6.3 R23 406.4 x 16 
R6 193.7 x 10 R15 323.9 x 10 R24 406.4 x 20 
R7 193.7 x 12.5 R16 323.9 x 12.5 R25 406.4 x 6.3 
R8 193.7 x 16 R17 323.9 x 16   
R9 193.7 x 5 R18 323.9 x 20   
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Lower-Chord Members 
 
Upper-Chord Members 
 
Diagonal members 
Figure 4.6 Member Section Sizes for DLST with Support S1 
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Lower-Chord Members 
 
Upper-Chord Members 
 
Diagonal members  
Figure 4.7 Member Section Sizes for DLST with Support S2 
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Lower-Chord Members 
 
Upper-Chord Members 
 
Diagonal members 
Figure 4.8 Member Section Sizes for DLST with Support S3 
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Table 4.9 DCRs for DLST with Support S1 
With Support S1 
Member 
label 
DCR Member  
Label 
DCR 
L
o
w
er
 c
h
o
rd
 m
em
b
er
s 
1 0.813915 
D
ia
g
o
n
a
l 
m
em
b
er
s 
401 0.83955 
2 0.970039 403 0.638837 
3 0.942923 404 0.804751 
4 0.852473 405 0.906304 
5 0.890285 406 0.196719 
12 0.568919 407 0.374508 
13 0.786866 408 0.59561 
14 0.907248 409 0.580933 
15 0.790933 410 0.137392 
23 0.489738 411 0.232362 
24 0.598078 412 0.387128 
25 0.640273 413 0.371272 
34 0.403143 414 0.07947 
35 0.458567 415 0.170383 
45 0.338209 416 0.201833 
121 0.213524 417 0.170933 
131 0.118828 418 0.042294 
132 0.31839 419 0.085713 
141 0.062402 420 0.057708 
142 0.190589 445 0.420795 
143 0.306502 447 0.3237 
151 0.043438 448 0.07428 
152 0.128767 449 0.262164 
153 0.215469 450 0.07935 
154 0.289989 451 0.217581 
161 0.02236 452 0.05505 
162 0.107152 453 0.16034 
163 0.189041 454 0.049983 
164 0.256304 455 0.114376 
165 0.297005 456 0.050316 
U
p
p
er
 c
h
o
rd
 m
em
b
er
s 
221 0.826726 457 0.129118 
222 0.899495 458 0.039124 
223 0.992207* 459 0.07086 
224 0.894547 460 0.080123 
225 0.921564 489 0.241062 
231 0.516084 491 0.180285 
232 0.666436 492 0.049084 
233 0.742146 493 0.168008 
234 0.767173 494 0.038231 
241 0.4324 495 0.11465 
242 0.519676 496 0.040684 
243 0.546842 497 0.104339 
251 0.364172 498 0.021731 
252 0.388967 499 0.058925 
261 0.306477 500 0.065165 
320 0.401756 533 0.135948 
329 0.218994 535 0.0819 
330 0.311695 536 0.031417 
338 0.148684 537 0.089602 
339 0.209163 538 0.021578 
340 0.294994 539 0.043734 
347 0.07926 540 0.052186 
348 0.168791 577 0.06411 
349 0.236355 579 0.023324 
350 0.287131 580 0.038231 
*Member with the highest DCR 
 
 
Table 4.10 DCRs for DLST with Support S2 
With Support S2 
Member  
label 
DCR Member 
  Label 
DCR 
L
o
w
er
 c
h
o
rd
 m
em
b
er
s 
1 0.436685 
D
ia
g
o
n
a
l 
m
em
b
er
s 
401 0.886484 
2 0.573253 403 0.338253 
3 0.50897 404 0.212381 
4 0.27989 405 0.256781 
5 0.588842 406 0.107121 
12 0.284927 407 0.145503 
13 0.407029 408 0.095665 
14 0.318088 409 0.111097 
15 0.096393 410 0.062616 
23 0.348148 411 0.025183 
24 0.410353 412 0.409161 
25 0.392245 413 0.294737 
34 0.598133 414 0.242214 
35 0.651287 415 0.173034 
45 0.855842 416 0.888682 
121 0.04099 417 0.579234 
131 0.046404 418 0.555737 
132 0.189324 419 0.217154 
141 0.062434 420 0.865097 
142 0.24331 445 0.379635 
143 0.451376 447 0.136201 
151 0.09547 448 0.050152 
152 0.474861 449 0.257259 
153 0.695477 450 0.065868 
154 0.800961 451 0.08739 
161 0.897856 452 0.196472 
162 0.916651 453 0.196846 
163 0.99354* 454 0.177104 
164 0.866016 455 0.045559 
165 0.89706 456 0.373056 
U
p
p
er
 c
h
o
rd
 m
em
b
er
s 
221 0.791892 457 0.428104 
222 0.805413 458 0.236335 
223 0.7651 459 0.098389 
224 0.096202 460 0.338796 
225 0.829613 489 0.34286 
231 0.442477 491 0.092157 
232 0.499871 492 0.039933 
233 0.33884 493 0.364583 
234 0.277088 494 0.102149 
241 0.592763 495 0.039952 
242 0.690115 496 0.065411 
243 0.776738 497 0.374531 
251 0.844645 498 0.106009 
252 0.891747 499 0.090002 
261 0.969779 500 0.151283 
320 0.195315 533 0.403351 
329 0.142814 535 0.051028 
330 0.392665 536 0.05846 
338 0.27315 537 0.249242 
339 0.616571 538 0.051181 
340 0.858729 539 0.061521 
347 0.924061 540 0.134538 
348 0.884267 577 0.152664 
349 0.862972 579 0.029473 
350 0.944601 580 0.080484 
*Member with the highest DC 
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Table 4.11 DCRs for DLST with Support S3 
With Support S3 
  Member 
label 
DCR Member  
Label 
DCR 
L
o
w
er
 c
h
o
rd
 m
em
b
er
s 
1 0.071164 
D
ia
g
o
n
a
l 
m
em
b
er
s 
401 0.074684 
2 0.08191 403 0.103079 
3 0.110859 404 0.185595 
4 0.168532 405 0.245342 
5 0.192339 406 0.072555 
12 0.292198 407 0.098382 
13 0.349761 408 0.301997 
14 0.398036 409 0.406117 
15 0.426882 410 0.160725 
23 0.594909 411 0.107256 
24 0.633649 412 0.365714 
25 0.652858 413 0.578402 
34 0.846049 414 0.231052 
35 0.855829 415 0.187692 
45 0.955432 416 0.541491 
121 0.166476 417 0.650057 
131 0.239191 418 0.248131 
132 0.480807 419 0.276559 
141 0.298997 420 0.708771 
142 0.650093 445 0.336725 
143 0.816923 447 0.050605 
151 0.357653 448 0.059906 
152 0.854721 449 0.41473 
153 0.982852 450 0.102749 
154 0.917921 451 0.013009 
161 0.418155 452 0.094697 
162 0.869365 453 0.565443 
163 0.995494 454 0.169998 
164 0.948186 455 0.122344 
165 0.997171 456 0.329379 
U
p
p
er
 c
h
o
rd
 m
em
b
er
s 
221 0.100549 457 0.578883 
222 0.098543 458 0.213404 
223 0.077082 459 0.211667 
224 0.069267 460 0.591868 
225 0.078652 489 0.37885 
231 0.447414 491 0.143872 
232 0.511234 492 0.071719 
233 0.578526 493 0.408355 
234 0.576647 494 0.116031 
241 0.81756 495 0.055318 
242 0.85163 496 0.217382 
243 0.84362 497 0.453974 
251 0.935413 498 0.159259 
252 0.948062 499 0.130935 
261 0.94603 500 0.424924 
320 0.312441 533 0.252934 
329 0.482615 535 0.02863 
330 0.726413 536 0.075328 
338 0.762172 537 0.31531 
339 0.860015 538 0.071482 
340 0.885553 539 0.064697 
347 0.95302 540 0.245583 
348 0.927826 577 0.212148 
349 0.999723* 579 0.029647 
350 0.918129 580 0.099311 
*Member with the highest DC 
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4.4 Concluding Remarks  
This study demonstrates a detailed design and analysis of full-scale double-layer space truss 
(DLST) structures, which is the most common commercial type of roofing system.  Each 
is composed of many interconnected parts and requires the use of a general purpose 
program that can carry out the design automatically. All required design specifications such 
as model configuration, dimensions, material properties and boundary conditions are 
included. Generally, the design of a large space truss structure is a difficult task and would 
take a long time if a proper software package embedded with optimization routine is not 
used. Therefore, a general-purpose civil engineering software ideal for the analysis and 
design named SAP 2000 has been used to design the member section sizes and to analyze 
the expected strength of the members. The structures were designed using SAP 2000 
programme in accordance with Eurocode 3 1993-1-1 (The European Union, 2005). There 
full scale DLSTs having different support conditions have been designed separately for the 
progressive collapse analysis. Each DLST structure considered was a full scale structure, 
60 m by 60 m and 4 m depth. The optimization routine is dedicated to the design of the 
structure as per linear analysis while implementing weight of the structure to be minimum 
and also maintaining allowable DCR value to ensure safety. This is achieved by making 
sure that at least one of the members must have a DCR value more than 0.95 but not 
exceeding 1.0.  Due to the implementation of the optimization routine, each of the DLST 
structure has been designed to be safe with minimum weight and also has optimum member 
sizes. 
 
Chapter 5 – Vulnerability Index for Progressive Collapse of DLST Using Linear Static Analysis  
 
 
114 
 
Chapter 5 
5 Vulnerability Index for Progressive Collapse 
of Double-Layer Space Trusses Using Linear 
Static Analysis  
5.1 Introduction 
The behavioural pattern of a member in a highly indeterminate space truss follows the way 
the member had been designed. There should exist a proficient design of the type and size 
for each member. Each of the lower chord, upper chord or diagonal member is permitted 
to yield or buckle accordingly as the applied load increases up to full load to accommodate 
the maximum force occurring in that particular member. Space trusses being highly 
statically indeterminate usually have acceptable tolerance to sustain their design loads even 
when one or more members reach their maximum capacities. However this may not be 
always right. There are several case studies showing structural failure and catastrophic 
events, even after the failure of the first compression member. Therefore in this present 
study it is necessary to determine the alternative path of continuous loss of members 
causing progressive collapse. Since there are several possibilities that can cause collapse, 
this present study performs removal of each member of in the double-layer space truss 
(DLST) model and reanalyzing the model with the missing member using linear static 
analysis.  
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The purpose of this chapter is to show the effects of sudden member loss in Double-Layer 
Space Roof Truss (DLST) structures which are vulnerable to progressive collapse using the 
alternate load path method (ALPM). The ALPM is a method that proposes the removal of 
one or more columns in a building to cause progressive collapse. Hence, this same concept 
has been applied in this present study for member removal in space roof trusses. 
Understanding the effects of this loss scenario due to member removal is important to 
mitigate progressive collapse. In this present study, there are two types of member removal 
conditions being considered i.e. member removal separately identified as Case 1 and 
member removal continuously identified as Case 2. When Case 1 is conducted, the structure 
is reanalysed once an individual selected member is removed. Whereas, for Case 2, analysis 
is carried out with removal of a selected member while letting all the other previously 
removed members remain as still removed. The details of these two cases are explained in 
Section 5.3.3.  
 
As previously mentioned, this report analyzes and investigates the progressive collapse of 
DLSTs using the GSA (2003) guidelines. As stated in the GSA (2003) guidelines DCRs 
are used to demonstrate the disastrous consequences of progressive collapse by removing 
individual members of the space truss structure. In this present study DLST models were 
developed using computer program SAP 2000 Version 15.0 and each member of the 
models was designed to have a benchmark value DCR = 1.0. While performing the linear 
static analysis, vertical loads applied on to the DLST are based on the UK National Annex 
to BS EN 1990 design code where the dead load and live load are multiplied by 1.35 and 
1.5 respectively. The results of linear static analysis are evaluated by measuring the DCRs 
based on the ALPM. .However, whenever a member has a DCR greater than one, loadings 
are redistributed to other members which in turn, causes these other members to be 
overstressed and eventually can lead to progressive collapse. However information on 
collapse behaviour cannot be obtained from linear analysis alone but the results of this 
analysis can suggest whether progressive collapse is likely or unlikely to occur.  
Consequently, a vulnerability index is determined from the DCRs to give a measure of the 
tolerance of the DLST to disproportionate collapse. Moreover, the value of vulnerability 
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index provides important information and guidelines for researchers and engineers on the 
phenomena of progressive collapse. 
 
Generally, certain space structures are sensitive to progressive collapse, especially when 
they are not adequately robust and therefore they may become particularly vulnerable to 
damage. In this study, emphasis is put on the overall scheme of structural vulnerability 
evaluation by identifying particular failure scenarios and also by analysing the collapse 
system of the double-layer space truss structural form. This study involves analysis and 
design of a double-layer space truss with three different support conditions i.e. four corner 
supports, eight boundary supports or fully supported along all boundaries. The progressive 
collapse resistance capacities of the DLST for all the different boundary conditions were 
evaluated under Case C1 and Case C2 column removal scenarios. Comparisons of their 
capacity values demonstrate that there are differences in progressive collapse performance 
for different boundary conditions.  The results from each truss lead to the calculation of a 
vulnerability index for that particular space truss. The vulnerability index values for every 
space trusses having different cases and support conditions are compared and discussed in 
the sequel. Generally, the vulnerability index helps designers in choosing the most 
appropriate grid structure and support condition. 
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5.2 Alternate Load Path Method (ALPM) 
Alternate load path analysis (ALPM) is a load redistribution approach in which the structure 
has the ability to demonstrate the competency to redistribute the loads resulting in an event 
of a loss or damage to a structural member. In this present study three independent DLSTs 
have been designed for the removal of one or more of their members. This load 
redistribution approach is the most powerful tool in designing for progressive collapse. 
There are numerous publications on progressive collapse that have applied the ALPM and 
are discussed in Section 2.7.1.  
 
Even though a member in a highly indeterminate space truss, is experiencing local damage 
this would not necessarily be catastrophic since an alternate load path may occur within the 
structure. Nevertheless failure of a space truss can occur when failure of the critical 
members are enough to meet the needs to cause a mechanism and can no longer bear the 
load.  Amongst the members of the truss some of its members are regarded as more critical 
than the others. However the loss of one highly critical member almost certainly could lead 
to the collapse of the entire structure. This is because the remaining members cannot 
support the weight of the space truss which can then cause progressive collapse. Generally 
members carrying high stresses will distribute the forces to other members which then 
consequently causes an even stress distribution. The members along the upper-layer 
perimeter of a space truss and located at the midpoint between supports and also near 
supports normally carry large forces and their stresses can be critical especially since these 
members are surrounded by small diagonal members which may not support the forces if 
loss of the highly stressed member occurs.  In addition, diagonal members attached to 
supports which carry very large forces are considered as critical members.  
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The methodology presented in this section shows how to determine the failure/behaviour 
of the DLST members by linear analysis procedures using SAP 2000 based on three 
different types of boundary conditions using ALPM. This method is performed on DLSTs 
subject to an ultimate design load by instantly removing only one member at a time (Case 
C1) or several members continuously (Case C2) to observe whether the DLSTs can tolerate 
the distributed loads due to the "damage". The DCR value of a member is used to identify 
if the member will fail, leading to progressive collapse. Since there is no predetermined 
testing procedure that has yet been established for space structures, therefore, in this present 
study all the members are removed individually one at a time and the structure is analysed 
using SAP 2000.  
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5.3 Vulnerability Index 
This present study proposes an assessment of Vulnerability Index for the design of 
members of a DLST against progressive collapse. The vulnerability index of a space truss 
in this context can be defined by evaluating the consequences of a loss of its members due 
to “damage’ and understanding the structural response due to that “damage”. The 
vulnerability index of a DLST is dependent on which of its members is removed. 
Consequently the structure may be sensitive if a critical member is removed but not to the 
removal of a non-critical member even if subsequently more than one non critical members 
are also removed.  This present study is merely to seek which member might be subjected 
to or has the potential to cause harm to the structure by considering the Vulnerability Index 
of the member. The Vulnerability Index identifies vulnerable members through a ranking 
system which takes into account of their categories as low to high risk members. This 
ranking allows engineers to prioritize members with the most to least risk members to cause 
collapse. The proposed framework for the Vulnerability Index assessment is shown in 
Table 5.1 which is used as a guideline to develop the Vulnerability Index of the DLST in 
this study which is governed by the following i.e. consequences and likelihood.  
(i) Consequences – Consequences considers effect of member removed. It is 
evaluated using three different measures i.e. rate factor, standard deviation 
and mean of DCRs. These severity effects can be categorised as one of the 
followings; insignificant, minimal, severe or catastrophic.  
(ii) Likelihood – Likelihood considers on how frequent a member is 
overstressed after the removal of other members separately. The degree of 
likelihood can be categorised as one of the followings; negligible, rare, 
likely or frequent.  
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Table 5.1 Risk Assessment 
 Consequences 
Insignificant Minimal  Severe  Catastrophic 
L
ik
el
ih
o
o
d
 
Frequent  
 
    
Likely 
 
    
Rare 
  
    
Negligible 
 
    
 
After each member removal, DCRs of other members are considered. Since before removal, 
all members have DCRs less than the allowable limit, therefore, if after removal their DCRs 
change to be greater than allowable limit, then, the member are considered for vulnerability 
index assessment. Also, the conditions of the members, either in compression or tension 
are also considered. These members are then parameterised for vulnerability index 
assessment.  A high index indicates that the loss of that particular member is catastrophic 
to progressive collapse and vice versa.   
 
In order to identify the vulnerability index of DLST structure a descriptive statistics on the 
DCR is performed first. These descriptive statistics involves member DCR values. There 
are two ways to calculate the value of the vulnerability index, either using Rate Factor 
approach or Probabilistic approach as shown in Figure 5.1.  Rate Factor approach considers 
range of DCRs whereby low range is assigned with low Rate Factor whereas high range is 
assigned with high Rate Factor as described in detail in Section 5.3.1. Probabilistic 
approach considers DCR values in terms of mean, standard deviation, skewness and 
kurtosis as describe in Section 5.3.2. 
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The descriptive statistics aim to summarize the DCR data which provide a variety of 
information especially in the outcome and performance of DLST structure due to member 
removal scenarios. To estimate the degree to which these two approaches have a 
correlation, the pattern of identifying the members especially critical or overstressed 
members by providing evidence for convergence is necessary in order to be able to show 
that both of these approaches are valid. Hence, when both approaches are put together, 
validity in identifying which are the critical members to cause progressive collapse of the 
DLST can be performed. 
  
 
Figure 5.1 Vulnerability index   
Vulnerability Index 
Rate Factor Probabilistic 
 low to high range of 
DCRs 
 Skewness 
 Kurtosis  
 Mean of DCRs 
 Standard Deviation of DCR 
 Mode 
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 Probabilistic Approach 
The increase in the number of overstressed members or critical members has made the 
measurement of Vulnerability Index, which indicates the risk due to a member removal, to 
be the primary concern in the study of progressive collapse. Many conventional methods 
for measuring risk or robustness of structures are undertaken through studies on standard 
deviation or variance which are the statistical measures of dispersion of the DCRs of the 
members. Besides the standard deviation, the mean of member DCRs are also considered 
in the calculation of the vulnerability index. This methodology presents a quantitative data 
analysis which deals with the stability of a DLST expressed in terms of a probabilistic sense 
and in mathematical terms. The instability of a DLST considers the failure of any individual 
member and its effect on the structure's performance.  The standard deviation and the mean 
of member DCRs is used as a measure of how vulnerable the structure associated with the 
removal of any individual member is. A standard deviation is defined as how spread out 
the member DCRs are which also indicates the amount of variation or dispersion of member 
DCRs from the mean. A low standard deviation indicates that all data values tend to be 
close to the mean value whereas a high standard deviation indicates that data values are 
spread out over a large range of values. The fundamental concept of a vulnerability index 
is that as the index increases, the expected risk consequences of the removal of that 
particular member should increase as well. When evaluating a DLST using the ALPM, the 
vulnerability of its members due to member removal should be estimated. Furthermore, the 
uncertainty of the next member failing should also be examined for future purposes. The 
standard deviation calculation provides a quantified estimation of the vulnerability of 
members. To practically estimate the vulnerability index of a DLST, the DLST is assessed 
by calculating the mean and standard deviation of its member DCRs. This study involves 
probabilistic risk assessment of structural collapse through linear static analysis which 
indicates the vulnerability index of the structure associated with removal of members. This 
probabilistic risk assessment is effective especially in handling large numbers of random 
variable data and the approximation is useful in terms of failure probability indication.  
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 Rate Factor Approach  
At each member removal DCR values for all members are calculated.  The removed 
member is considered as critical or noncritical depending on the DCRs of surrounding 
members. After a member is removed the DCR values of the other members change and 
either increase or decrease depending on their locations from the removed member. In this 
present study the DCR values are divided into 6 different zone ranges namely Zone 1, 2, 3, 
4, 5 and 6 where each zone has a different colour indicator indicating its DCR range. Table 
5.2 shows the DCR ranges for all the six zones mentioned where blue, green, yellow, 
orange, red and purple are the DCR ranges in ascending order respectively.  Failure of a 
member is indicated when its DCR exceeded the allowable value which is 1.0 and is 
designated using the red and purple colours.  Note that after removal of one member, if the 
other members have DCR values of more than 1.0, this does not explicitly indicate failure 
of the entire structure.  Therefore in this present study the DCR ranges and numbers of 
members in each range are important to be assessed. While it is expected that some 
members when removed will have the same number of overstressed members it is therefore 
vital to observe the entire structure based on these six different zones by giving each zone 
a factor. To identify which member when removed is the most critical, each zone is given 
a Rate Factor so that a more detailed identification can be calculated which is shown in 
Table 5.3. The number of members in each zone is calculated and multiplied by the Rate 
Factor which is then totaled up. The highest total Rate Factor indicates that the removed 
member is the most critical member. Table 5.4 shows the Rate Factor without Member 
Removal for DLSTs with Support S1, S2 and S3. Figure 5.10 shows members of DLSTs 
without member removal for Support S1, S2 and S3. High DCRs (however lesser than 1.0) 
are located around the DLST perimeter for Figure 5.2 (i) whereas for Figure 5.2 (ii) (iii) 
high DCR values are located around the centre of the DLSTs.  
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Table 5.2 DCR ranges for Zone 1 until Zone 5 
Zone Colour Zone DCR Range 
Zone 1  0.50 < DCR 
Zone 2  0.50 ≤ DCR < 0.70 
Zone 3  0.70 ≤ DCR< 0.90 
Zone 4  0.90 ≤ DCR < 1.00 
Zone 5  1.0 ≤ DCR < 1.2 
Zone 6  DCR ≥ 1.2 
 
 
Table 5.3 DCR for Zone 1 until Zone 6 
 
Zone  Zone 1 Zone 2 Zone 3 Zone 4 Zone 5 Zone 6 
Rate 
Factor 
1x1=1 2x2=4 3x3=9 4x4=16 5x5= 25 6x6=36 
  
 
 
 
     
 
Table 5.4 Total Rate Factor before Member Removal for DLST with Support S1, S2 and S3. 
DLST Model 
with 
Number of Members in each Zone Total 
Rate 
Factor 
Z1 Z2 Z3 Z4 Z5 Z6 
S1 596 72 88 44 0 0 2380 
S2 568 88 116 28 0 0 2412 
S3 520 100 96 84 0 0 3128 
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(i) With Support S1 (ii) With Support S2 
 
 
 
(iii) With Support S3  
 
Figure 5.2 Members of DLSTs (without member removal) with Support S1, S2 and S3 
  
 DCR < 0.5 
 
0.5 ≤ DCR < 0.7 
 
0.7 ≤ DCR <0.9 
 
0.9 ≤ DCR <1.0 
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 Element Removal Case 1 and Case 2 
In this present study there are two different cases used in the effort to obtain the 
vulnerability index of the DLST by utilising the alternate load path method. Case 1 is when 
a single member is removed separately, where each member of the DLST is removed 
individually, as each different member removed will demonstrate a different structural 
response. After each of the members is removed individually, the location of the most 
vulnerable member of the structure can be obtained based on the value of the vulnerability 
index. Hence the vulnerability index, is an innovative initiative which identifies the most 
vulnerable members of the DLST. The purpose of this approach is to give an insight 
/guidelines to designers and engineers on how to determine which member location would 
cause the risk of progressive collapse for a DLST structure. Furthermore the proposed 
vulnerability index assessment developed in this study is particularly suitable for all 
common types of space structures.  
In Case 2 members are removed continuously one after another. The member that is 
removed first is the one with the highest DCR value where this member is considered to 
have the highest risk. Due to symmetry there are four or more members which may have 
the same highest DCR value. However in reality only one member will trigger and initiate 
the collapse, therefore, among the four or more members having the same DCR value only 
one of them is selected to be removed first. Once this member is removed the structure is 
reanalysed.  Then the next member that has the highest DCR value is then removed keeping 
the previously removed member staying removed. This process is continuously repeated 
until 5 members are removed.  
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5.4 Case 1 
In determining the Vulnerability Index of a DLST associated with Case 1, two different 
approaches are used; Rate Factor Approach and Probabilistic Approach. Results from both 
approaches are checked to see if there is any correlation.  
 Case 1- Rate Factor Approach  
Table 5.5, 5.6 and 5.7 shows the Rate Factors after member removal (individually) for 
DLSTs with Support S1, S2 and S3 respectively. Due to four lines of symmetry only one 
eighth of the number of members are considered. Members with high Rate Factors indicate 
that they are critical members. These critical members are associated with many 
overstressed members in Zone 5 and Zone 6 as compared to the non-critical members. 
However the non-critical members have Rate Factor values close to that of their value 
without member removal as shown in Table 5.4. Almost all non-critical members when 
they are removed do not produce any overstressed members.  
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Table 5.5 Rate Factor after Member Removal (individually) for DLST with Support S1- Case 1 
With Support S1 
Member 
Removed 
label 
Number of Members in each Zone  Rate 
Facto
r 
Member 
  Removed 
Label 
Number of Members in each Zone 
Rate 
Factor 
Z1 Z2 Z3 Z
4 
Z
5 
Z
6 
Z1 Z2 Z3 Z4 Z5 Z6 
 L
o
w
er
 c
h
o
rd
 m
em
b
er
s 
1 598 76 73 26 20 6 2691 
D
ia
g
o
n
a
l 
m
em
b
er
s 
401 489 132 81 37 30 30 4168* 
2 591 71 74 32 18 13 2971* 403 594 73 84 40 4 4 2526 
3 581 76 77 33 20 12 3038* 404 590 72 79 45 4 9 2733 
4 575 75 81 30 28 10 3144* 405 593 68 78 46 2 12 2785 
5 574 73 89 23 33 7 3112* 406 595 72 90 41 1 0 2374 
12 596 72 84 43 4 0 2428 407 595 68 94 42 0 0 2385 
13 597 70 82 45 5 0 2460 408 593 68 86 41 10 1 2581 
14 595 72 83 43 6 0 2468 409 591 71 86 42 9 0 2546 
15 592 78 78 49 2 0 2440 410 595 72 90 42 0 0 2365 
23 596 71 84 47 1 0 2413 411 593 73 90 43 0 0 2383 
24 596 71 82 48 2 0 2436 412 594 72 86 43 4 0 2444 
25 600 67 80 51 1 0 2429 413 594 74 82 45 4 0 2448 
34 594 72 86 46 1 0 2417 414 595 72 88 44 0 0 2379 
35 597 69 84 48 1 0 2422 415 596 71 87 44 1 0 2392 
45 594 73 87 45 0 0 2389 416 595 72 85 47 0 0 2400 
121 595 72 88 44 0 0 2379 417 595 72 84 48 0 0 2407 
131 595 72 88 44 0 0 2379 418 595 72 88 44 0 0 2379 
132 594 73 87 45 0 0 2389 419 595 72 88 44 0 0 2379 
141 595 72 88 44 0 0 2379 420 595 72 88 44 0 0 2379 
142 593 73 88 45 0 0 2397 445 595 72 78 52 2 0 2467 
143 593 74 87 45 0 0 2392 447 597 70 86 46 0 0 2387 
151 595 72 87 45 0 0 2386 448 595 72 88 44 0 0 2379 
152 595 72 87 45 0 0 2386 449 594 73 84 47 1 0 2419 
153 594 73 87 45 0 0 2389 450 595 72 88 44 0 0 2379 
154 594 73 85 47 0 0 2403 451 594 73 87 45 0 0 2389 
161 595 72 86 46 0 0 2393 452 595 72 88 44 0 0 2379 
162 595 72 86 46 0 0 2393 453 595 71 88 45 0 0 2391 
163 595 72 84 48 0 0 2407 454 595 72 88 44 0 0 2379 
164 595 72 86 46 0 0 2393 455 595 72 88 44 0 0 2379 
165 595 72 84 48 0 0 2407 456 595 72 89 43 0 0 2372 
U
p
p
er
 c
h
o
rd
 m
em
b
er
s 
221 591 71 76 38 11 12 2874* 457 595 72 88 44 0 0 2379 
222 573 75 85 33 17 16 3167* 458 595 72 88 44 0 0 2379 
223 564 77 83 29 29 17 3420* 459 595 72 88 44 0 0 2379 
224 555 73 95 25 35 16 3553* 460 595 72 88 44 0 0 2379 
225 557 69 94 35 25 19 3548* 489 599 66 86 48 0 0 2405 
231 596 72 84 45 2 0 2410 491 597 70 88 44 0 0 2373 
232 596 74 79 48 2 0 2421 492 595 72 88 44 0 0 2379 
233 599 70 79 48 3 0 2433 493 595 72 87 45 0 0 2386 
234 602 67 82 45 3 0 2403 494 595 72 88 44 0 0 2379 
241 599 67 85 47 1 0 2409 495 596 71 88 44 0 0 2376 
242 598 68 86 45 2 0 2414 496 595 72 88 44 0 0 2379 
243 599 68 85 45 2 0 2406 497 595 72 87 45 0 0 2386 
251 595 72 86 44 2 0 2411 498 595 72 88 44 0 0 2379 
252 595 72 88 42 2 0 2397 499 595 72 88 44 0 0 2379 
261 595 72 84 48 0 0 2407 500 595 72 88 44 0 0 2379 
320 596 68 91 43 1 0 2400 533 595 72 86 46 0 0 2393 
329 595 72 89 43 0 0 2372 535 595 72 88 44 0 0 2379 
330 596 70 87 45 1 0 2404 536 595 72 88 44 0 0 2379 
338 595 72 88 44 0 0 2379 537 595 72 87 45 0 0 2386 
339 594 73 87 45 0 0 2389 538 595 72 88 44 0 0 2379 
340 591 76 85 47 0 0 2412 539 595 72 88 44 0 0 2379 
347 595 72 89 43 0 0 2372 540 595 72 88 44 0 0 2379 
348 595 71 88 45 0 0 2391 577 595 72 88 44 0 0 2379 
349 594 73 86 46 0 0 2396 579 595 72 88 44 0 0 2379 
350 595 72 85 47 0 0 2400 580 595 72 88 44 0 0 2379 
* Members with high rate factor 
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Table 5.6 Rate Factor after Member Removal (individually) for DLST with Support S2 - Case 1 
With Support S2 
Member  
Removed 
Label  
Number of Members in each Zone  Rate 
Factor 
Member   
Removed 
Label 
Number of Members in each Zone 
Rate 
Factor 
Z1 Z2 Z3 Z4 Z5 Z6 Z1 Z2 Z3 Z4 Z5 Z6 
L
o
w
er
 c
h
o
rd
 m
em
b
er
s 
1 569 76 113 38 3 0 2573 
D
ia
g
o
n
al
 m
em
b
er
s 
401 558 72 74 43 44 8 3588 
2 565 80 106 44 4 0 2643 403 559 98 108 34 0 0 2467 
3 569 79 106 42 3 0 2586 404 564 90 111 33 1 0 2476 
4 567 85 114 32 1 0 2470 405 566 88 112 33 0 0 2454 
5 567 86 113 32 1 0 2465 406 563 92 116 28 0 0 2423 
12 565 89 115 30 0 0 2436 407 563 91 116 29 0 0 2435 
13 564 89 113 32 1 0 2474 408 566 89 116 28 0 0 2414 
14 563 90 116 29 1 0 2456 409 566 88 116 29 0 0 2426 
15 565 90 116 28 0 0 2417 410 562 93 116 28 0 0 2426 
23 561 93 113 32 0 0 2462 411 565 90 116 28 0 0 2417 
24 563 88 115 32 1 0 2487 412 564 89 113 33 0 0 2465 
25 561 90 114 32 2 0 2509 413 563 90 111 35 0 0 2482 
34 562 88 111 35 2 1 2559 414 557 97 114 30 1 0 2476 
35 565 86 107 37 4 0 2564 415 561 93 116 29 0 0 2441 
45 564 84 108 37 5 1 2625 416 568 85 104 40 1 1 2545 
121 563 91 116 29 0 0 2435 417 567 86 103 39 3 1 2573 
131 566 87 118 28 0 0 2424 418 560 89 107 38 4 1 2623 
132 565 89 117 28 0 0 2422 419 564 89 115 30 1 0 2460 
141 562 92 116 29 0 0 2438 420 548 86 96 48 15 6 3115 
142 561 93 117 27 1 0 2443 445 565 88 114 32 0 0 2455 
143 560 93 113 32 1 0 2486 447 567 86 118 28 0 0 2421 
151 567 88 115 29 0 0 2418 448 565 90 116 28 0 0 2417 
152 561 92 114 30 2 0 2485 449 559 95 117 28 0 0 2440 
153 561 91 109 34 3 1 2561 450 559 96 116 28 0 0 2435 
154 563 83 112 36 4 1 2615 451 567 87 117 28 0 0 2416 
161 564 64 44 8 50 69 5078* 452 565 90 116 28 0 0 2417 
162 546 87 99 48 14 5 3083* 453 560 92 119 28 0 0 2447 
163 540 91 110 43 12 3 2990* 454 562 90 117 30 0 0 2455 
164 541 96 106 42 11 3 2934* 455 566 88 117 28 0 0 2419 
165 542 91 109 37 17 3 3012* 456 566 89 115 29 0 0 2421 
U
p
p
er
 c
h
o
rd
 m
em
b
er
s 
221 558 84 109 43 5 0 2688 457 560 92 113 33 1 0 2498 
222 558 87 104 45 4 1 2698 458 560 91 118 29 1 0 2475 
223 563 88 106 40 2 0 2559 459 563 89 118 29 0 0 2445 
224 565 90 116 28 0 0 2417 460 564 88 119 28 0 0 2435 
225 559 89 99 40 10 2 2768 489 559 94 116 30 0 0 2459 
231 565 89 114 31 0 0 2443 491 567 88 116 28 0 0 2411 
232 566 85 114 33 1 0 2485 492 567 88 116 28 0 0 2411 
233 563 90 114 31 1 0 2470 493 561 90 116 31 1 0 2486 
234 566 85 118 30 0 0 2448 494 561 90 120 28 0 0 2449 
241 565 90 111 31 2 0 2470 495 567 87 117 28 0 0 2416 
242 566 87 108 37 1 0 2503 496 565 90 116 28 0 0 2417 
243 566 88 107 35 3 0 2516 497 560 93 112 33 1 0 2493 
251 564 88 104 38 5 0 2585 498 561 92 116 30 0 0 2453 
252 568 84 104 36 7 0 2591 499 563 91 116 28 1 0 2444 
261 560 90 88 48 11 2 2827* 500 564 89 117 29 0 0 2437 
320 564 91 116 28 0 0 2420 533 563 88 114 34 0 0 2485 
329 562 93 116 28 0 0 2426 535 567 86 118 28 0 0 2421 
330 563 90 114 32 0 0 2461 536 562 92 116 29 0 0 2438 
338 563 92 115 28 1 0 2439 537 561 92 115 31 0 0 2460 
339 560 92 112 33 2 0 2514 538 566 89 115 29 0 0 2421 
340 565 86 110 34 4 0 2543 539 564 91 116 28 0 0 2420 
347 561 86 114 31 4 3 2635 540 564 90 116 28 1 0 2441 
348 556 85 113 34 9 2 2754 577 565 88 112 34 0 0 2469 
349 556 88 102 40 11 2 2813* 579 567 88 116 28 0 0 2411 
350 561 90 93 41 11 3 2797* 580 566 89 115 29 0 0 2421 
* Members with high rate factor 
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Table 5.7 Rate Factor after Member Removal (individually) for DLST with Support S3- Case 1 
 With Support  S3 
Member  
Removed 
Label   
Number of Members in each 
Zone  
Rat
e 
Fac
tor 
Member  
Removed 
Label  
Number of Members in each 
Zone Rate 
Factor Z1 Z2 Z3 Z4 Z5 Z6 Z1 Z2 Z3 Z4 Z5 Z6 
L
o
w
er
 c
h
o
rd
 m
em
b
er
s 
1 519 100 96 84 0 0 3127 
D
ia
g
o
n
al
 m
em
b
er
s 
401 519 100 96 84 0 0 3127 
2 519 100 96 82 2 0 3145 403 519 100 96 84 0 0 3127 
3 520 100 95 80 4 0 3155 404 519 100 96 84 0 0 3127 
4 520 100 95 80 4 0 3155 405 518 102 95 80 4 0 3161 
5 522 98 97 75 7 0 3162 406 521 98 96 82 2 0 3139 
12 516 104 95 79 5 0 3176 407 519 100 96 83 1 0 3136 
13 517 102 96 78 6 0 3187 408 519 100 96 81 3 0 3154 
14 521 95 98 74 11 0 3242 409 519 101 95 79 5 0 3167 
15 528 89 98 76 7 1 3193 410 518 102 95 80 4 0 3161 
23 519 102 91 76 11 0 3237 411 517 103 95 79 5 0 3173 
24 520 98 95 70 16 0 3287 412 518 103 94 79 5 0 3165 
25 526 92 94 73 14 0 3258 413 519 100 95 81 4 0 3170 
34 520 101 93 70 15 0 3256 414 518 102 94 79 6 0 3186 
35 521 100 96 72 9 1 3198 415 523 94 98 75 9 0 3206 
45 509 111 96 58 22 3 3403 416 518 101 96 75 9 0 3211 
121 518 101 96 81 3 0 3157 417 518 99 97 79 6 0 3201 
131 518 103 94 80 4 0 3156 418 521 97 97 78 6 0 3180 
132 515 103 97 75 9 0 3225 419 521 97 97 76 8 0 3198 
141 518 99 97 81 4 0 3183 420 519 97 100 74 9 0 3216 
142 518 99 94 77 11 0 3267 445 519 100 96 78 6 0 3181 
143 520 102 90 75 12 0 3238 447 521 98 96 82 2 0 3139 
151 519 100 96 76 8 0 3199 448 519 100 96 84 0 0 3127 
152 519 95 96 72 17 0 3340 449 516 103 96 78 6 0 3190 
153 518 98 95 70 18 0 3335 450 517 103 95 83 1 0 3137 
154 510 111 99 55 22 2 3347 451 519 100 96 84 0 0 3127 
161 516 102 97 76 6 2 3213 452 519 100 96 82 2 0 3145 
162 519 94 95 74 14 3 3392 453 520 98 95 78 8 0 3215 
163 522 90 103 59 22 3 3411 454 521 98 96 80 4 0 3157 
164 511 110 95 52 28 3 3446 455 519 101 95 75 9 0 3203 
165 507 113 93 59 24 3 3448 456 520 98 98 78 5 0 3167 
U
p
p
er
 c
h
o
rd
 m
em
b
er
s 
221 519 100 96 84 0 0 3127 457 521 95 99 76 8 0 3208 
222 519 100 96 83 1 0 3136 458 521 98 95 79 6 0 3182 
223 519 101 95 83 1 0 3131 459 522 95 98 76 8 0 3200 
224 519 101 95 81 3 0 3149 460 521 96 100 74 8 0 3189 
225 519 100 96 80 4 0 3163 489 511 108 96 78 6 0 3205 
231 516 104 94 79 6 0 3192 491 519 102 94 82 2 0 3135 
232 522 96 95 76 10 0 3227 492 519 100 96 84 0 0 3127 
233 524 94 94 75 12 0 3246 493 517 103 91 80 8 0 3228 
234 526 91 96 74 12 0 3238 494 519 102 93 84 1 0 3133 
241 518 103 89 75 14 0 3281 495 519 100 96 79 5 0 3172 
242 519 105 88 73 14 0 3249 496 518 103 93 80 5 0 3172 
243 518 109 88 74 10 0 3180 497 519 100 94 80 6 0 3195 
251 517 106 92 63 19 2 3324 498 519 100 94 81 5 0 3186 
252 509 111 96 58 23 2 3392 499 518 102 95 78 6 0 3179 
261 514 112 91 55 24 3 3369 500 517 101 95 81 5 0 3197 
320 518 101 96 79 5 0 3175 533 519 100 94 84 2 0 3159 
329 515 105 93 79 7 0 3211 535 519 100 96 84 0 0 3127 
330 516 103 94 76 10 0 3240 536 519 100 96 81 3 0 3154 
338 516 101 98 72 11 1 3265 537 520 99 98 76 6 0 3164 
339 520 99 91 71 17 1 3332 538 519 100 96 79 5 0 3172 
340 518 104 89 65 20 3 3383 539 519 100 96 79 5 0 3172 
347 518 99 96 74 11 1 3273 540 519 100 97 78 5 0 3165 
348 518 100 93 68 18 2 3365 577 519 100 96 78 6 0 3181 
349 513 106 96 55 26 3 3439 579 519 100 96 82 2 0 3145 
350 516 107 93 52 27 4 3432 580 519 100 96 80 4 0 3163 
* Members with high rate factor 
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 Case 1- Probabilistic Approach 
In performing the probabilistic approach, IBM SPSS Statistics Software Version 21.0  was 
selected as it is by far the most dominant statistics package in used, due to its primary 
advantage of being able to handling extremely large data sets hence it can be used to 
perform the investigation covered in this part of the present study. Furthermore, SPSS 
software has a much faster and easier basic function access especially for descriptive 
statistics such as skewness, kurtosis, mean, median, standard deviation and mode which are 
the primary tools in exploring the DCR data and also for allowing the interpretation of the 
behaviour of the DCR data of the DLST due to member removal.  
 
In this present study, the process required to quantitatively describe the distributions of the 
DCRs before and after member removal is carried out with the following purposes:  
1) To see whether skewness and kurtosis are in fact important factors to be used as 
guidelines for engineers and designers, and to investigate how these factors can 
be incorporated to determine the progressive collapse state of the DLST 
structure. 
2) To measure the vulnerability index of the DLST due to member removal by 
specifically obtaining the mean, standard deviation and mode of the DCR data.   
3) To develop an efficient technique using the mean-standard deviation 
relationship whereby vulnerable or critical members can be identified.  
 
Because the DCR data set that is usually more spread out and is perhaps having an 
unusually large amount of values as compared with other data sets this approach should 
provide useful information about the DCR data set especially in identifying unusual 
responses to member removal in the DLST. Several factors in identifying these unusual 
responses have been considered to recognize critical members and these are discussed in 
the following sub sections.  
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 Skewness and Kurtosis 
Aspects of skewness and kurtosis are considered to indicate whether the DCRs from a 
DLST without member removal exhibit a persistent skewness and kurtosis close to the one 
with a member removed and also how unstable the structure is with respect to different 
member removal cases and boundary conditions. If the DCR data does not have a normal 
distribution, hence the skewness and kurtosis are taken to measure the distribution of the 
data set.  
 
It has been observed that the DCR data of the members for the DLSTs (before member 
removal) do not generally exhibit a normal distribution as shown in Figure 5.3 to 5.5, since 
a normal distribution would show a symmetrical data distribution to the left and right of 
the centre point and also its skewness and kurtosis would be equal to zero or almost zero. 
Therefore, in this present study a skewed distribution has been observed to describe the 
characteristics of the DCR data. Hence, each data set is represented in the form of a 
histogram as it is an effective graphical technique for showing both the skewness and 
kurtosis of the data set.  
 
A histogram which is skewed to the left is known as having negative skew, indicates that 
the mean value is smaller than the median because the  majority of the data have values 
towards the upper end of its range. Whereas, for a histogram with a skew on the right, 
known as a positive skew the median lies to the left of the mean value and the mean value 
is larger than the median, where most of the data have values towards the lower end of the 
range. By knowing which way a data is skewed and the degree of skewness of the DCR 
data, a better estimation on the behaviour of a DLST before and after member removal can 
be determined. Therefore in this present study, skewness is incorporated into the 
probabilistic approach in measuring the risk of the DLST to progressive collapse. 
Meanwhile, a positive kurtosis indicates that there are a number of peak data and a negative 
kurtosis indicates that there are a few or even no peak data. Both of these factors i.e. 
skewness and kurtosis are significant, specifically in interpreting data sets that do not have 
normal distribution and also in finding critical members that can initiate progressive 
collapse.  
Chapter 5 – Vulnerability Index for Progressive Collapse of DLST Using Linear Static Analysis  
 
 
133 
 
The formulae for skewness and kurtosis taken from SPSS software are  as follows: 
skewness, Z1 = 𝑁
∑𝑖=1
𝑁 (DCRi − DCRMean)
3
(N − 1)(𝑁 − 2)DCRSD
3                      Equation 5.1 
 
 
kurtosis, Z2 =  
𝑁(𝑁 + 1)∑𝑖=1
𝑁 (DCRi − DCRMean)
4
(N − 1)(𝑁 − 2)(𝑁 − 3)DCRSD
4
− 
3(𝑁 − 1)2
(N − 2)(𝑁 − 3)
                                                    Equation 5.2 
 
Where, 
 N is the number of DCR data  
              DCR1, DCR2, … … . . DCRN are individual DCR data 
DCRMeanis the mean of the DCR data 
DCRSD is the standard deviation of the DCR data  
 
 
Figure 5.3 Histogram of DCRs of DLST (without member removal) with Support S1-Case 1 
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Figure 5.4 Histogram of DCRs of DLST (without member removal) with Support S2-Case 1 
 
 
Figure 5.5 Histogram of DCRs of DLST (without member removal) with Support S3-Case 1 
 
 
All three DLSTs (without member removal) have skewness values that are positive ranging 
from 0.54 to 0.91 and mean values bigger than the median values indicating that their DCR 
data are not normal and are positively skewed.  The kurtosis values on the other hand are 
all negative ranging from -0.48 to -1.07 indicating that the distributions of the DCR data 
are not spread out normally as shown in Figure 5.3, 5.4 and 5.5. The above values of 
skewness, Z1 and kurtosis, Z2 are displayed in Table 5.8. This table also shows the Z1 and 
Z2 for DLSTs with Support S1, S2 and S3 for Case 1 (with member removal). From the 
table it is observed that all skewness values are positive mostly are less than 1.0, and a few 
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are greater than 1.0. Being positive shows that the DCR data sets do not show a normal 
distribution. For those with high skewness values (greater than 1.0) this mean that there is 
a probability of extreme DCR values within the DCR data set. Also, those that have high 
positive skewness values, it is possible to have high excess of kurtosis values.  Normally 
critical members can be indicated based on kurtosis values. If the kurtosis value is negative, 
i.e. -0.48 as in Figure 5.3 the distribution of the DCR values is flat where all values are less 
than 1.0. Whereas if the kurtosis value is positive, i.e. 2.25 as in Figure5.6(i) whereby these 
values are obtained upon removal of M5L and there are 40 members with peak values of 
DCR greater than 1.0. Hence, M5L is considered as critical. Figure 5.6 (i), 5.7(i) and 5.8(i) 
show histograms of DCRs of the DLST with Support S1 when lower member M5L upper 
member M225U and diagonal member M401D respectively are removed separately. Each 
histogram has a shape showing a skewed distribution to the right. It is also observed that 
the DCR data are clustered more on the left with a long tail to the right. The higher the 
kurtosis value is, the more critical the member is and this is demonstrated from Figure 5.6 
(removal of M5L), Figure 5.7 (removal of M225U) and Figure 5.8 (removal of M401D) 
where the DCR distribution histograms portray long tails. Whereas Figure 5.9 (removal of 
M350U) kurtosis is negative and its DCR distribution is not spread out (skewness is less 
than 1.0). Therefore M350U is considered as noncritical member.  Figures 5.6, 5.7 and 5.8 
show the DCRs of the members that generate a high numbers of DCRs greater than 1.0 and 
are considered as critical members. Whereby removal of M350U (Figure 5.9(ii)), there are 
no members having a DCR greater than 1.0 and has a value of skweness and kurtosis close 
to the DLST without member removal. 
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Table 5.8 Skewness and Kurtosis for DLST with Support S1, S2 and S3-Case 1 
Removed 
Member 
Label 
DLST With 
Support S1 
DLST With 
Support S2 
DLST With 
Support S3 
Removed 
Member 
Label 
DLST With 
Support S1 
DLST With 
Support S2 
DLST With 
Support S3 
Z1 Z2 Z1 Z2 Z1 Z2 Z1 Z2 Z1 Z2 Z1 Z2 
Without Member Removal Without Member Removal 
0.91 -0.48 0.65 -0.87 0.54 -1.07 0.91 -0.48 0.65 -0.87 0.54 -1.07 
With Member Removal With Member Removal 
L
o
w
er
 c
h
o
rd
 m
em
b
er
s 
1 1.17 0.58 0.67 -0.86 0.54 -1.07 
D
ia
g
o
n
al
 m
em
b
er
s 
401 9.48 102.61 1.32 2.08 0.54 -1.07 
2 1.22 0.86 0.68 -0.82 0.54 -1.07 403 0.98 -0.18 0.63 -0.89 0.54 -1.07 
3 1.29 1.86 0.67 -0.83 0.54 -1.07 404 1.01 -0.05 0.65 -0.87 0.54 -1.07 
4 1.38 3.07 0.65 -0.87 0.54 -1.07 405 0.98 -0.24 0.65 -0.87 0.54 -1.07 
5 1.32 2.25 0.65 -0.85 0.54 -1.07 406 0.90 -0.49 0.64 -0.88 0.54 -1.07 
12 0.92 -0.42 0.65 -0.87 0.54 -1.07 407 0.90 -0.52 0.64 -0.88 0.54 -1.07 
13 0.92 -0.42 0.65 -0.87 0.54 -1.08 408 0.95 -0.31 0.65 -0.88 0.54 -1.07 
14 0.91 -0.44 0.65 -0.87 0.55 -1.07 409 0.91 -0.45 0.65 -0.88 0.54 -1.07 
15 0.90 -0.44 0.64 -0.88 0.57 -1.03 410 0.90 -0.50 0.64 -0.88 0.54 -1.06 
23 0.91 -0.46 0.65 -0.88 0.56 -1.03 411 0.90 -0.51 0.65 -0.88 0.54 -1.07 
24 0.92 -0.43 0.66 -0.87 0.57 -1.02 412 0.92 -0.44 0.65 -0.87 0.54 -1.07 
25 0.92 -0.43 0.67 -0.85 0.57 -1.02 413 0.91 -0.46 0.65 -0.87 0.54 -1.07 
34 0.91 -0.49 0.68 -0.78 0.56 -1.00 414 0.90 -0.49 0.63 -0.90 0.54 -1.07 
35 0.91 -0.48 0.67 -0.80 0.56 -0.98 415 0.90 -0.48 0.64 -0.89 0.54 -1.06 
45 0.90 -0.50 0.67 -0.76 0.55 -0.92 416 0.90 -0.49 0.70 -0.63 0.54 -1.07 
121 0.90 -0.49 0.64 -0.89 0.54 -1.07 417 0.91 -0.48 0.71 -0.58 0.54 -1.07 
131 0.90 -0.49 0.64 -0.89 0.53 -1.07 418 0.90 -0.49 0.65 -0.81 0.54 -1.08 
132 0.90 -0.49 0.64 -0.88 0.55 -1.07 419 0.90 -0.49 0.64 -0.88 0.55 -1.05 
141 0.90 -0.49 0.64 -0.89 0.53 -1.08 420 0.90 -0.49 1.12 1.97 0.54 -1.07 
142 0.90 -0.49 0.64 -0.88 0.54 -1.06 445 0.91 -0.46 0.66 -0.87 0.55 -1.07 
143 0.90 -0.49 0.65 -0.87 0.57 -0.95 447 0.90 -0.47 0.65 -0.87 0.54 -1.07 
151 0.90 -0.49 0.64 -0.89 0.54 -1.06 448 0.90 -0.49 0.65 -0.88 0.54 -1.07 
152 0.90 -0.49 0.63 -0.88 0.55 -1.05 449 0.90 -0.49 0.64 -0.88 0.55 -1.07 
153 0.90 -0.50 0.65 -0.81 0.59 -0.80 450 0.90 -0.49 0.65 -0.88 0.54 -1.07 
154 0.90 -0.50 0.67 -0.76 0.56 -0.88 451 0.90 -0.48 0.65 -0.87 0.54 -1.07 
161 0.91 -0.48 3.76 27.63 0.54 -1.05 452 0.90 -0.49 0.65 -0.87 0.54 -1.07 
162 0.90 -0.49 0.81 0.05 0.58 -0.97 453 0.90 -0.49 0.64 -0.88 0.55 -1.06 
163 0.90 -0.50 0.75 0.04 0.64 -0.59 454 0.90 -0.49 0.65 -0.88 0.54 -1.07 
164 0.90 -0.50 0.72 -0.07 0.58 -0.79 455 0.90 -0.49 0.65 -0.88 0.54 -1.07 
165 0.90 -0.51 0.68 -0.39 0.55 -0.85 456 0.90 -0.49 0.64 -0.87 0.53 -1.08 
U
p
p
er
 c
h
o
rd
 m
em
b
er
s 
221 1.66 4.50 0.66 -0.83 0.54 -1.07 457 0.90 -0.49 0.64 -0.88 0.54 -1.07 
222 1.49 3.14 0.67 -0.78 0.54 -1.07 458 0.90 -0.49 0.64 -0.89 0.54 -1.07 
223 1.52 3.94 0.65 -0.83 0.54 -1.07 459 0.90 -0.49 0.64 -0.88 0.54 -1.07 
224 1.57 4.77 0.65 -0.88 0.54 -1.07 460 0.90 -0.49 0.64 -0.89 0.54 -1.08 
225 1.58 5.08 0.73 -0.54 0.54 -1.07 489 0.90 -0.48 0.65 -0.88 0.54 -1.07 
231 0.91 -0.46 0.66 -0.86 0.55 -1.07 491 0.91 -0.48 0.65 -0.87 0.54 -1.07 
232 0.91 -0.44 0.66 -0.87 0.56 -1.06 492 0.90 -0.49 0.65 -0.88 0.54 -1.07 
233 0.91 -0.42 0.65 -0.88 0.56 -1.05 493 0.90 -0.49 0.65 -0.88 0.54 -1.07 
234 0.91 -0.41 0.65 -0.87 0.57 -1.04 494 0.90 -0.49 0.65 -0.88 0.54 -1.07 
241 0.91 -0.48 0.66 -0.84 0.56 -1.03 495 0.90 -0.49 0.64 -0.88 0.54 -1.07 
242 0.92 -0.46 0.67 -0.82 0.57 -1.00 496 0.90 -0.49 0.64 -0.88 0.54 -1.07 
243 0.92 -0.45 0.69 -0.78 0.56 -1.01 497 0.90 -0.49 0.65 -0.87 0.54 -1.06 
251 0.91 -0.49 0.69 -0.75 0.59 -0.90 498 0.90 -0.49 0.65 -0.88 0.54 -1.06 
252 0.91 -0.49 0.69 -0.74 0.59 -0.90 499 0.90 -0.49 0.65 -0.87 0.54 -1.07 
261 0.91 -0.50 0.73 -0.51 0.61 -0.78 500 0.90 -0.49 0.64 -0.88 0.54 -1.07 
320 0.90 -0.50 0.65 -0.87 0.54 -1.07 533 0.90 -0.49 0.66 -0.86 0.54 -1.07 
329 0.90 -0.49 0.65 -0.87 0.54 -1.07 535 0.90 -0.49 0.65 -0.88 0.54 -1.07 
330 0.90 -0.49 0.65 -0.87 0.55 -1.05 536 0.90 -0.49 0.65 -0.88 0.54 -1.07 
338 0.91 -0.48 0.64 -0.87 0.55 -1.03 537 0.91 -0.49 0.65 -0.88 0.54 -1.06 
339 0.90 -0.49 0.65 -0.86 0.58 -0.97 538 0.90 -0.49 0.65 -0.88 0.54 -1.07 
340 0.90 -0.49 0.66 -0.83 0.61 -0.87 539 0.90 -0.49 0.65 -0.88 0.54 -1.07 
347 0.90 -0.49 0.72 -0.52 0.57 -1.00 540 0.90 -0.49 0.65 -0.87 0.54 -1.07 
348 0.90 -0.49 0.69 -0.70 0.60 -0.93 577 0.91 -0.49 0.65 -0.88 0.54 -1.07 
349 0.90 -0.50 0.71 -0.57 0.63 -0.79 579 0.90 -0.49 0.65 -0.88 0.54 -1.07 
350 0.90 -0.50 0.74 -0.46 0.62 -0.79 580 0.90 -0.49 0.65 -0.88 0.54 -1.07 
*Members with high skewness and kurtosis are highlighted              in grey 
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(i)  
 
 
(ii)   
 
Figure 5.6 (i) Histogram of DCRs of DLST (for removal of M5L) with Support S1- Case 1 (ii) DCRs 
with removal of M5L for DLST with Support 1- Case 1 
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(i)  
 
 
 (ii)  
Figure 5.7 (i) Histogram of DCRs of DLST (for removal of M225U) with Support S1- Case 1 (ii) 
DCRs with removal of M225U for DLST with Support 1- Case 1 
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(i)  
 
 
(ii)   
 
Figure 5.8 (i) Histogram of DCRs of DLST (for removal of M401D) with Support S1- Case 1  
(ii) DCRs with removal of M401D for DLST with Support 1- Case 1  
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(i) 
 
 
(ii)  
Figure 5.9 (i) Histogram of DCRs of DLST (for removal of M350U) with Support S1- Case 1  
(ii) DCRs with removal of M350U for DLST with Support 1- Case 1 
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The same members with high skewness and kurtosis can also be compared from the Rate 
Factor approach shown in Table 5.5 to 5.7. From Table 5.8 it be concluded that members 
that have a high skewness greater than 1.0 and positive kurtosis value are recognized to be 
among the critical members. Because skewness and kurtosis provides an indication of the 
symmetry of the distribution and ‘peakedness’ of distribution respectively, removal of 
M401D (with Support S1) and M161L (with Support S2) are identified as the most critical 
members due to having the highest skewness and kurtosis values. The above members 
mentioned are also identified to have the highest Rate Factor values which are 4168 and 
5078 respectively. Furthermore these critical members are identified to be associated with 
a high total of overstressed members in Zone 5 and Zone 6 based on the Rate Factor 
Approach compared to the other entire removed member under its support condition. 
However for DLST with Support S3, there are no members having a positive kurtosis 
values which indicates that after each member is removed the DCR data do not exhibit a 
high DCR value. The probabilistic approach based on skewness and kurtosis can also be 
confirmed by comparing with the findings based on mean-standard deviation relation 
demonstrated in Section 5.4.2.2.    
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 Mean and Standard Deviation  
Mean and standard deviation are used as the measurement for the DCR data.  DCR data 
sets obtained before and after a member removal usually differ from one another depending 
on which particular member is removed. A dataset is said to have high dispersion when it 
contains high values of mean and standard deviation. In this present study, mean-standard 
deviation relationship of the data set is thoroughly examined. Normally, the mean and 
standard deviation of a DLST without member removal, have low values and thus they are 
understood to have no risk due to their initial safe design. Hence, whenever a member is 
removed, the percentage change of dispersion compared to without removal is observed. 
Table 5.10, 5.11 and 5.12 show means and standard deviation of DCRs for DLSTs with 
Support S1, S2 and S3 respectively and their values are presented in Figure 5.9, 5.11 and 
5.13 respectively. The means and standard deviation notation are as follows:  
 DCRMean:   average of DCRs 
 DCRSD:   standard deviation of DCRs 
 DCRMeanSD:    DCRMean and DCRSD combined  
 %DCRMean:   % increase in DCRMean with member removal relative to  
    without member removal 
 %DCRSD:   % increase in DCRSD with member removal relative to  
    without member removal 
 %DCRMeanSD:  % increase in DCRMeanSD with member removal relative to  
    without member removal  
%DCRMean = 100 x 
(DCRMean(with removal) − DCRMean(without removal))
DCRMean(without removal)
     
%DCRSD = 100 x 
(DCRSD(with removal) − DCRSD(without removal))
DCRSD(without removal)
     
 %DCRMeanSD =  √(%DCRMean)2 + (%DCRSD)2       .......................Equation 5.3 
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The DRC data set is first checked for any abnormality. This is best done by plotting the 
mean and standard deviation values whereby any data abnormality can be observed. As 
shown in Figure 5.10 (i), removal of member M401D for the DLST with Support S1 gives 
comparatively extremely high mean and standard deviation, therefore its removal is then 
considered as abnormal and it is termed as a very critical and identified as an isolated 
member. Hence the other members are either non critical or just critical. There exists an 
isolated member M161L for the DLST with Support S2 as shown in Figure 5.12 (i) whereas 
DLST with Support S3 does not have an isolated member as indicated in Figure 5.14(i).  
 
The plots in Figure 5.10 give the percentage increase or decrease in the mean and standard 
deviation before and after member removal for DLST with Support S1. However any 
percentage decrease is very negligible, i.e. less than one present. Figures 5.10 and 5.10 (iv) 
show the same plots but with smaller scales and enlarged views. The percentage change is 
useful for showing the spread of the mean and standard deviation values before and after 
member removal in order to identify critical members. As an example, referring to Figure 
5.10 (iv), member M225U has %DCRMean=21.48 and %DCRSD=21.05. Hence, using 
Equation 5.3, its %DCRMeanSD=30.08. Since this value is greater than the value for for 
M223U, where %DCRMeanSD= 26.74 which implies that M225U is more vulnerable than 
M223U. This agrees with the Rate Factor values given in Table 5.5 and skewness and 
kurtosis given in Table 5.8, whereby M225U has greater Rate Factor, skewness and kurtosis 
values than M223U. The same explanation goes for DLSTs with Support S2 and S3 as 
shown in Figure 5.12 and 5.14 respectively. Figure 5.10 (iv) shows critical members having 
%DCRMean up to 21.48 and %DCRSD up to 21.05 for DLST with Support S1, whereas 
Figure 5.14(iv) shows %DCRMean up to 4.69 and %DCRSD up to 3.62 only for DLST with 
Support S3. This implies that the critical members with Support S1 are more critical than 
with Support S3. DLST with Support S2 falls in between the other two DLSTs.  
 
 
 
Chapter 5 – Vulnerability Index for Progressive Collapse of DLST Using Linear Static Analysis  
 
 
144 
 
Table 5.12, 5.13 and 5.14 show values of %DCRMeanSD and % Rate Factors arranged in 
descending order for DLSTs with Support S1, S2 and S3 respectively. Both %DCRMeanSD 
and the corresponding %Rate Factor show the same descending order. Only values of 
critical members of the lower-chord, upper-chord and diagonal members are given. Figure 
5.11 shows the locations of the critical member when one of the critical members in the 
upper-chord, lower-chord or diagonal of DLST with Support S1 is removed. Also, Figure 
5.13 and Figure 5.15 are similarly showing for DLSTs with Support S2 and S3 respectively. 
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Table 5.9 Mean and Standard Deviation of DCRs for DLST with Support S1– Case 1 
With Support S1 
Removed 
Member 
Label 
DCRMean DCRSD 
% 
DCRMean 
% 
DCRSD 
% 
DCRMeanSD 
Removed 
Member 
label 
DCRMean DCRSD 
% 
DCRMean 
% 
DCRSD 
% 
DCRMeanSD 
L
o
w
er
-c
h
o
rd
 m
em
b
er
s 
1 0.3536 0.2877 8.34 -0.79 8.38 
D
ia
g
o
n
al
 m
em
b
er
s 
401 0.6221 1.0972 90.59 278.28 292.66* 
2 0.3627 0.3059 11.10 5.47 12.38* 403 0.3296 0.2951 0.98 1.74 2.00 
3 0.3704 0.3162 13.48 9.02 16.22* 404 0.3355 0.3014 2.78 3.93 4.81 
4 0.3774 0.3223 15.62 11.12 19.18* 405 0.3353 0.3006 2.71 3.62 4.52 
5 0.3825 0.3225 17.19 11.19 20.51* 406 0.3268 0.2905 0.12 0.17 0.21 
12 0.3276 0.2905 0.37 0.15 0.40 407 0.3274 0.2913 0.30 0.42 0.51 
13 0.3294 0.2905 0.92 0.17 0.94 408 0.3324 0.2954 1.84 1.83 2.59 
14 0.3322 0.2892 1.76 -0.31 1.79 409 0.3320 0.2942 1.71 1.45 2.24 
15 0.3342 0.2881 2.38 -0.68 2.48 410 0.3268 0.2902 0.10 0.06 0.12 
23 0.3281 0.2897 0.50 -0.14 0.52 411 0.3271 0.2905 0.22 0.16 0.27 
24 0.3295 0.2891 0.94 -0.33 0.99 412 0.3294 0.2916 0.92 0.52 1.06 
25 0.3306 0.2883 1.27 -0.61 1.41 413 0.3291 0.2911 0.82 0.36 0.90 
34 0.3280 0.2896 0.50 -0.16 0.52 414 0.3267 0.2900 0.10 -0.01 0.10 
35 0.3287 0.2893 0.70 -0.27 0.75 415 0.3271 0.2902 0.20 0.04 0.20 
45 0.3278 0.2897 0.41 -0.12 0.43 416 0.3275 0.2900 0.34 0.00 0.34 
121 0.3265 0.2901 0.02 0.04 0.04 417 0.3273 0.2901 0.26 0.01 0.26 
131 0.3266 0.2901 0.06 0.00 0.06 418 0.3267 0.2899 0.08 -0.04 0.09 
132 0.3269 0.2899 0.13 -0.03 0.14 419 0.3267 0.2900 0.10 -0.02 0.10 
141 0.3267 0.2900 0.09 -0.01 0.09 420 0.3267 0.2899 0.09 -0.04 0.09 
142 0.3268 0.2900 0.11 -0.03 0.11 445 0.3281 0.2895 0.53 -0.17 0.55 
143 0.3273 0.2898 0.28 -0.09 0.29 447 0.3275 0.2905 0.34 0.14 0.37 
151 0.3268 0.2899 0.12 -0.04 0.13 448 0.3267 0.2900 0.07 0.00 0.07 
152 0.3268 0.2900 0.13 -0.03 0.13 449 0.3275 0.2897 0.32 -0.14 0.35 
153 0.3270 0.2900 0.17 0.00 0.17 450 0.3266 0.2901 0.06 0.01 0.06 
154 0.3274 0.2899 0.30 -0.06 0.30 451 0.3271 0.2901 0.20 0.02 0.20 
161 0.3268 0.2899 0.13 -0.05 0.14 452 0.3267 0.2900 0.07 -0.01 0.08 
162 0.3266 0.2902 0.05 0.04 0.07 453 0.3270 0.2898 0.19 -0.10 0.21 
163 0.3268 0.2901 0.13 0.04 0.13 454 0.3267 0.2900 0.07 -0.02 0.07 
164 0.3271 0.2901 0.21 0.02 0.21 455 0.3268 0.2900 0.11 -0.03 0.12 
165 0.3275 0.2899 0.32 -0.05 0.33 456 0.3267 0.2899 0.08 -0.04 0.09 
U
p
p
er
-c
h
o
rd
 m
em
b
er
s 
221 0.3502 0.3337 7.27 15.07 16.73* 457 0.3270 0.2898 0.17 -0.08 0.18 
222 0.3701 0.3416 13.39 17.79 22.26* 458 0.3267 0.2899 0.08 -0.04 0.08 
223 0.3847 0.3478 17.85 19.91 26.74* 459 0.3268 0.2899 0.10 -0.05 0.11 
224 0.3935 0.3504 20.54 20.80 29.24* 460 0.3267 0.2899 0.10 -0.04 0.10 
225 0.3965 0.3511 21.48 21.05 30.08* 489 0.3275 0.2897 0.32 -0.14 0.35 
231 0.3274 0.2897 0.31 -0.13 0.33 491 0.3271 0.2899 0.21 -0.06 0.22 
232 0.3290 0.2892 0.80 -0.30 0.85 492 0.3266 0.2900 0.07 -0.02 0.07 
233 0.3308 0.2880 1.34 -0.71 1.51 493 0.3271 0.2897 0.21 -0.11 0.24 
234 0.3314 0.2874 1.52 -0.90 1.77 494 0.3267 0.2900 0.07 -0.03 0.08 
241 0.3281 0.2893 0.53 -0.26 0.59 495 0.3268 0.2899 0.12 -0.04 0.13 
242 0.3292 0.2888 0.86 -0.44 0.97 496 0.3267 0.2899 0.07 -0.04 0.08 
243 0.3296 0.2886 0.98 -0.50 1.10 497 0.3268 0.2899 0.12 -0.06 0.13 
251 0.3285 0.2891 0.63 -0.34 0.71 498 0.3267 0.2899 0.07 -0.04 0.08 
252 0.3287 0.2890 0.69 -0.36 0.78 499 0.3267 0.2899 0.08 -0.04 0.09 
261 0.3283 0.2890 0.58 -0.35 0.68 500 0.3267 0.2899 0.09 -0.05 0.11 
320 0.3265 0.2902 0.04 0.04 0.06 533 0.3270 0.2898 0.18 -0.10 0.20 
329 0.3267 0.2900 0.08 -0.01 0.08 535 0.3267 0.2900 0.09 -0.03 0.09 
330 0.3272 0.2896 0.24 -0.14 0.28 536 0.3267 0.2899 0.07 -0.04 0.08 
338 0.3268 0.2899 0.12 -0.05 0.13 537 0.3268 0.2898 0.12 -0.08 0.14 
339 0.3272 0.2897 0.23 -0.13 0.26 538 0.3266 0.2899 0.07 -0.04 0.08 
340 0.3277 0.2894 0.40 -0.21 0.45 539 0.3266 0.2900 0.06 -0.03 0.07 
347 0.3267 0.2899 0.09 -0.04 0.10 540 0.3267 0.2899 0.08 -0.05 0.09 
348 0.3269 0.2899 0.16 -0.04 0.16 577 0.3268 0.2898 0.11 -0.08 0.13 
349 0.3275 0.2896 0.32 -0.15 0.35 579 0.3266 0.2899 0.06 -0.04 0.08 
350 0.3280 0.2892 0.50 -0.28 0.57 580 0.3266 0.2899 0.06 -0.04 0.08 
*members with high %DCRMeanSD 
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Table 5.10 Mean and Standard Deviation of DCRs for DLST with Support S2– Case 1 
With Support S2 
Removed 
Member Label 
DCRMean DCRSD 
% 
DCRMean 
% 
DCRSD 
% 
DCRMeanSD 
Removed  
Member label 
DCRMean DCRSD 
% 
DCRMean 
% 
DCRSD 
% 
DCRMeanSD 
L
o
w
er
-c
h
o
rd
 m
em
b
er
s 
1 0.3756 0.2895 1.13 0.77 1.36 
D
ia
g
o
n
al
 m
em
b
er
s 
401 0.4028 0.3427 8.45 19.29 21.06* 
2 0.3755 0.2914 1.10 1.42 1.79 403 0.3744 0.2866 0.81 -0.23 0.84 
3 0.3746 0.2892 0.87 0.68 1.10 404 0.3723 0.2884 0.26 0.40 0.48 
4 0.3725 0.2880 0.31 0.24 0.39 405 0.3718 0.2881 0.12 0.28 0.31 
5 0.3718 0.2879 0.12 0.20 0.23 406 0.3718 0.2872 0.12 -0.03 0.13 
12 0.3728 0.2868 0.37 -0.17 0.41 407 0.3716 0.2877 0.07 0.15 0.17 
13 0.3723 0.2875 0.25 0.07 0.26 408 0.3717 0.2874 0.09 0.03 0.10 
14 0.3717 0.2873 0.08 0.02 0.08 409 0.3718 0.2875 0.12 0.07 0.14 
15 0.3717 0.2874 0.10 0.02 0.10 410 0.3718 0.2872 0.12 -0.04 0.12 
23 0.3720 0.2876 0.15 0.10 0.18 411 0.3718 0.2872 0.10 -0.04 0.11 
24 0.3714 0.2880 0.01 0.25 0.25 412 0.3726 0.2880 0.33 0.24 0.40 
25 0.3708 0.2882 -0.16 0.33 0.37 413 0.3731 0.2883 0.45 0.35 0.57 
34 0.3733 0.2880 0.51 0.24 0.57 414 0.3721 0.2881 0.20 0.27 0.34 
35 0.3738 0.2872 0.66 -0.03 0.66 415 0.3718 0.2877 0.10 0.15 0.18 
45 0.3791 0.2849 2.08 -0.82 2.23 416 0.3744 0.2913 0.82 1.41 1.63 
121 0.3731 0.2875 0.46 0.08 0.47 417 0.3752 0.2919 1.03 1.62 1.92 
131 0.3730 0.2872 0.44 -0.02 0.44 418 0.3747 0.2918 0.90 1.55 1.79 
132 0.3718 0.2875 0.11 0.06 0.12 419 0.3727 0.2878 0.35 0.17 0.39 
141 0.3729 0.2874 0.41 0.04 0.41 420 0.3958 0.3187 6.57 10.92 12.74* 
142 0.3718 0.2876 0.12 0.10 0.15 445 0.3729 0.2869 0.41 -0.14 0.43 
143 0.3726 0.2876 0.33 0.11 0.35 447 0.3721 0.2870 0.20 -0.10 0.23 
151 0.3724 0.2876 0.26 0.10 0.28 448 0.3718 0.2872 0.10 -0.04 0.11 
152 0.3734 0.2884 0.53 0.38 0.65 449 0.3718 0.2876 0.10 0.10 0.14 
153 0.3755 0.2878 1.11 0.19 1.13 450 0.3718 0.2872 0.10 -0.05 0.11 
154 0.3777 0.2862 1.70 -0.38 1.74 451 0.3718 0.2873 0.10 -0.01 0.10 
161 0.4725 0.5225 27.24 81.87 86.28* 452 0.3719 0.2872 0.14 -0.04 0.15 
162 0.3974 0.3107 7.02 8.16 10.76* 453 0.3717 0.2874 0.09 0.04 0.10 
163 0.4000 0.3018 7.70 5.05 9.21* 454 0.3723 0.2868 0.26 -0.17 0.31 
164 0.4020 0.2986 8.25 3.92 9.14* 455 0.3717 0.2872 0.08 -0.02 0.08 
165 0.4041 0.2953 8.82 2.79 9.25* 456 0.3724 0.2872 0.27 -0.03 0.27 
U
p
p
er
-c
h
o
rd
 m
em
b
er
s 
221 0.3791 0.2923 2.08 1.73 2.71 457 0.3726 0.2877 0.32 0.16 0.36 
222 0.3782 0.2920 1.83 1.64 2.45 458 0.3726 0.2872 0.31 -0.03 0.32 
223 0.3741 0.2896 0.72 0.80 1.08 459 0.3719 0.2873 0.15 0.01 0.15 
224 0.3717 0.2873 0.08 0.02 0.08 460 0.3726 0.2876 0.32 0.11 0.34 
225 0.3784 0.2969 1.89 3.34 3.84 489 0.3721 0.2871 0.18 -0.05 0.19 
231 0.3721 0.2880 0.18 0.23 0.29 491 0.3719 0.2872 0.13 -0.03 0.13 
232 0.3718 0.2887 0.10 0.49 0.50 492 0.3717 0.2872 0.09 -0.04 0.10 
233 0.3711 0.2886 -0.08 0.46 0.47 493 0.3723 0.2870 0.25 -0.11 0.27 
234 0.3710 0.2885 -0.11 0.42 0.44 494 0.3718 0.2871 0.11 -0.06 0.13 
241 0.3721 0.2880 0.18 0.26 0.32 495 0.3717 0.2871 0.09 -0.06 0.11 
242 0.3720 0.2882 0.18 0.33 0.37 496 0.3717 0.2872 0.09 -0.03 0.09 
243 0.3722 0.2880 0.22 0.24 0.33 497 0.3721 0.2874 0.19 0.05 0.19 
251 0.3751 0.2864 1.01 -0.31 1.06 498 0.3718 0.2872 0.12 -0.04 0.13 
252 0.3753 0.2861 1.06 -0.43 1.14 499 0.3718 0.2872 0.11 -0.02 0.11 
261 0.3884 0.2898 4.58 0.86 4.66 500 0.3719 0.2873 0.14 0.00 0.14 
320 0.3715 0.2877 0.04 0.15 0.15 533 0.3720 0.2876 0.17 0.12 0.21 
329 0.3718 0.2871 0.12 -0.08 0.14 535 0.3718 0.2870 0.11 -0.09 0.14 
330 0.3719 0.2875 0.13 0.08 0.15 536 0.3716 0.2872 0.07 -0.03 0.07 
338 0.3720 0.2871 0.16 -0.08 0.18 537 0.3717 0.2874 0.09 0.02 0.09 
339 0.3725 0.2875 0.31 0.08 0.32 538 0.3717 0.2872 0.07 -0.05 0.09 
340 0.3737 0.2873 0.62 0.01 0.62 539 0.3717 0.2871 0.09 -0.05 0.10 
347 0.3780 0.2937 1.78 2.23 2.85 540 0.3718 0.2872 0.10 -0.03 0.11 
348 0.3823 0.2934 2.93 2.14 3.63 577 0.3718 0.2871 0.11 -0.07 0.13 
349 0.3853 0.2927 3.76 1.89 4.21 579 0.3717 0.2871 0.08 -0.06 0.10 
350 0.3876 0.2913 4.37 1.40 4.59 580 0.3717 0.2871 0.09 -0.06 0.11 
*members with high %DCRMeanSD 
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Table 5.11 Mean and Standard Deviation of DCRs for DLST with Support S3– Case 1 
With Support S3 
Removed 
Member 
Label 
DCRMean DCRSD 
% 
DCRMe
an 
% 
DCRSD 
% 
DCRMeanS
D 
Removed 
Member 
label 
DCRMean DCRSD 
% 
DCRMe
an 
% 
DCRSD 
% 
DCRMeanSD 
L
o
w
er
-c
h
o
rd
 m
em
b
er
s 
1 0.4111 0.3049 0.10 0.00 0.10 
D
ia
g
o
n
al
 m
em
b
er
s 
401 0.4111 0.3049 0.10 -0.01 0.10 
2 0.4110 0.3050 0.08 0.02 0.08 403 0.4114 0.3050 0.16 0.03 0.16 
3 0.4108 0.3052 0.02 0.08 0.08 404 0.4114 0.3048 0.16 -0.04 0.16 
4 0.4107 0.3053 0.00 0.12 0.12 405 0.4110 0.3052 0.06 0.10 0.11 
5 0.4105 0.3057 -0.05 0.24 0.24 406 0.4111 0.3047 0.10 -0.07 0.12 
12 0.4111 0.3053 0.10 0.12 0.15 407 0.4112 0.3052 0.12 0.07 0.14 
13 0.4108 0.3056 0.03 0.21 0.21 408 0.4116 0.3048 0.21 -0.05 0.22 
14 0.4103 0.3065 -0.11 0.51 0.52 409 0.4114 0.3051 0.16 0.06 0.17 
15 0.4101 0.3070 -0.14 0.69 0.70 410 0.4117 0.3042 0.23 -0.24 0.34 
23 0.4125 0.3058 0.45 0.29 0.53 411 0.4110 0.3053 0.06 0.13 0.15 
24 0.4114 0.3071 0.18 0.71 0.73 412 0.4114 0.3052 0.16 0.08 0.18 
25 0.4100 0.3087 -0.18 1.25 1.27 413 0.4117 0.3058 0.25 0.29 0.38 
34 0.4152 0.3055 1.09 0.20 1.10 414 0.4120 0.3047 0.32 -0.09 0.33 
35 0.4146 0.3057 0.95 0.27 0.98 415 0.4116 0.3055 0.22 0.18 0.28 
45 0.4243 0.3064 3.31 0.48 3.34 416 0.4119 0.3055 0.28 0.20 0.34 
121 0.4112 0.3052 0.11 0.07 0.14 417 0.4119 0.3064 0.28 0.47 0.55 
131 0.4116 0.3053 0.22 0.11 0.24 418 0.4119 0.3054 0.29 0.15 0.33 
132 0.4126 0.3050 0.46 0.01 0.46 419 0.4123 0.3060 0.38 0.36 0.52 
141 0.4116 0.3064 0.23 0.47 0.52 420 0.4121 0.3065 0.35 0.52 0.63 
142 0.4127 0.3077 0.48 0.90 1.02 445 0.4112 0.3047 0.11 -0.08 0.14 
143 0.4146 0.3069 0.95 0.63 1.14 447 0.4111 0.3050 0.10 0.01 0.10 
151 0.4122 0.3076 0.37 0.86 0.94 448 0.4112 0.3049 0.11 -0.02 0.11 
152 0.4139 0.3117 0.77 2.22 2.35 449 0.4116 0.3045 0.21 -0.15 0.26 
153 0.4185 0.3117 1.90 2.22 2.93 450 0.4111 0.3046 0.10 -0.09 0.14 
154 0.4222 0.3087 2.81 1.24 3.07 451 0.4111 0.3047 0.10 -0.06 0.12 
161 0.4127 0.3089 0.48 1.31 1.40 452 0.4111 0.3049 0.10 -0.02 0.10 
162 0.4157 0.3158 1.21 3.57 3.77 453 0.4118 0.3056 0.26 0.24 0.35 
163 0.4225 0.3160 2.87 3.62 4.62 454 0.4115 0.3047 0.18 -0.06 0.20 
164 0.4275 0.3125 4.09 2.47 4.78 455 0.4112 0.3051 0.12 0.05 0.13 
165 0.4300 0.3103 4.69 1.75 5.01* 456 0.4115 0.3052 0.19 0.10 0.21 
U
p
p
er
-c
h
o
rd
 m
em
b
er
s 
221 0.4111 0.3050 0.10 0.02 0.10 457 0.4118 0.3061 0.26 0.39 0.47 
222 0.4110 0.3051 0.08 0.07 0.10 458 0.4115 0.3053 0.18 0.12 0.22 
223 0.4110 0.3051 0.07 0.07 0.10 459 0.4115 0.3054 0.19 0.15 0.24 
224 0.4110 0.3051 0.07 0.06 0.09 460 0.4121 0.3063 0.33 0.45 0.56 
225 0.4110 0.3052 0.07 0.08 0.11 489 0.4110 0.3052 0.06 0.08 0.10 
231 0.4111 0.3057 0.10 0.25 0.27 491 0.4109 0.3051 0.05 0.06 0.08 
232 0.4110 0.3060 0.08 0.35 0.35 492 0.4109 0.3049 0.06 0.00 0.06 
233 0.4106 0.3069 -0.04 0.65 0.66 493 0.4111 0.3054 0.09 0.16 0.19 
234 0.4104 0.3070 -0.09 0.69 0.70 494 0.4110 0.3050 0.06 0.04 0.07 
241 0.4118 0.3058 0.26 0.28 0.39 495 0.4110 0.3048 0.08 -0.04 0.09 
242 0.4113 0.3060 0.13 0.35 0.38 496 0.4111 0.3051 0.10 0.07 0.12 
243 0.4107 0.3063 0.01 0.45 0.45 497 0.4115 0.3054 0.19 0.14 0.23 
251 0.4174 0.3076 1.63 0.89 1.86 498 0.4114 0.3048 0.17 -0.05 0.18 
252 0.4172 0.3077 1.58 0.92 1.83 499 0.4112 0.3049 0.11 0.00 0.11 
261 0.4252 0.3079 3.53 0.99 3.66 500 0.4115 0.3055 0.19 0.18 0.26 
320 0.4114 0.3051 0.17 0.05 0.18 533 0.4113 0.3046 0.14 -0.09 0.17 
329 0.4117 0.3056 0.24 0.21 0.31 535 0.4111 0.3047 0.09 -0.07 0.11 
330 0.4119 0.3057 0.30 0.25 0.39 536 0.4111 0.3048 0.09 -0.06 0.11 
338 0.4130 0.3075 0.56 0.83 1.01 537 0.4111 0.3050 0.10 0.02 0.11 
339 0.4148 0.3091 1.00 1.35 1.68 538 0.4111 0.3047 0.08 -0.07 0.11 
340 0.4165 0.3091 1.41 1.38 1.97 539 0.4111 0.3047 0.09 -0.06 0.11 
347 0.4134 0.3106 0.65 1.85 1.96 540 0.4112 0.3049 0.11 -0.01 0.11 
348 0.4168 0.3131 1.49 2.67 3.06 577 0.4112 0.3046 0.13 -0.11 0.17 
349 0.4221 0.3111 2.78 2.01 3.43 579 0.4110 0.3047 0.08 -0.07 0.10 
350 0.4244 0.3089 3.34 1.30 3.58 580 0.4111 0.3047 0.09 -0.08 0.12 
*members with high %DCRMeanSD 
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Figure 5.10 (i) 
 
Figure 5.10 (ii) 
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Figure 5.10 (iii) 
 
 
Figure 5.10 (iv) 
Figure 5.10 (i) DCRSD versus DCRMean of DLST with Support S1-Case 1 (ii) %DCRSD versus % 
DCRMean of DLST with Support S1-Case 1 (iii) Enlarge view of circle in (Figure 5.10 (i))  (iv) Enlarge 
view of circle in (Figure 5.10 (ii))
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Table 5.12 Comparison of % DCRMeanSD and % Rate Factor of DLST with Support S1- Case 1 
DLST with Support S1 
 
Member 
removal 
DCRMean %DCRMean DCRSD %DCRSD %DCRMeanSD 
Rate 
Factor 
% Rate 
Factor 
Without 
member 
removal 
- 0.32642 0 0.290042 0 0 2380 0 
Lower-
chord 
members 
M5L 0.3825 17.19 0.3225 11.19 20.50 3112 30.76 
M4L 0.3774 15.62 0.3223 11.12 19.20 3144 32.10 
M3L 0.3704 13.48 0.3162 9.02 16.20 3038 27.65 
M2L 0.3627 11.10 0.3059 5.47 12.40 2971 24.83 
Upper-
chord 
members 
M225U 0.3965 21.48 0.3511 21.05 30.10 3548 49.08 
M224U 0.3935 20.54 0.3504 20.80 29.20 3553 49.29 
M223U 0.3847 17.85 0.3478 19.91 26.70 3420 43.70 
M222U 0.3701 13.39 0.3416 17.79 22.30 3167 33.07 
M221U 0.3502 7.27 0.3337 15.07 16.70 2874 20.76 
Diagonal 
members 
M401D* 0.6221 90.59 1.0972 278.28 292.70 4168 75.13 
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Figure 5.11 Overstressed members (highlighted) due to member removal of DLST with Support S1-
Case 1  
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Figure 5.12 (i) 
 
 
Figure 5.12 (ii) 
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Figure 5.12 (iii) 
 
Figure 5.12 (iv) 
Figure 5.12  (i) DCRSD versus DCRMean of DLST with Support S2-Case 1 (ii) %DCRSD versus % 
DCRMean of DLST with Support S2-Case 1 (iii) Enlarge view of circle in (Figure 5.12 (i))  (iv) Enlarge 
view of circle in (Figure 5.12 (ii)) 
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Table 5.13 Comparison of  % DCRMeanSD and %Rate Factor of DLST with Support S2- Case 1 
DLST with Support S2 
  Member 
removal 
DCRMean %DCRMean DCRSD %DCRSD %DCRMeanSD Rate 
Factor 
 % Rate 
Factor 
Without 
member 
removal 
- 
0.3714 0 0.2873 0 0 2412 0 
Lower-
chord 
members 
M161L* 0.4725 27.24 0.5225 81.87 86.3 5078 110.53 
M162L 0.3975 7.02 0.3107 8.16 10.8 3083 27.82 
M165L 0.4041 8.82 0.2953 2.79 9.2 3012 24.88 
M163L 0.4000 7.70 0.3018 5.05 9.2 2990 23.96 
M164L 0.4021 8.25 0.2986 3.92 9.1 2934 21.64 
M45L 0.3791 2.08 0.2849 -0.82 2.2 2625 8.83 
M2L 0.3755 1.10 0.2914 1.42 1.8 2643 9.58 
Upper-
chord 
members  
 
M261U 0.3884 4.58 0.2898 0.86 4.7 2827 17.21 
M350U 0.3876 4.37 0.2913 1.40 4.6 2797 15.96 
M349U 0.3853 3.76 0.2927 1.89 4.2 2813 16.63 
M225U 0.3784 1.89 0.2969 3.34 3.8 2768 14.76 
M348U 0.3823 2.93 0.2934 2.14 3.6 2754 14.18 
M347U 0.3780 1.78 0.2937 2.23 2.9 2635 9.25 
M221U 0.3791 2.08 0.2923 1.73 2.7 2688 11.44 
M222U 0.3782 1.83 0.2920 1.64 2.5 2698 11.86 
Diagonal 
members 
M401D 0.4028 8.45 0.3427 19.29 21.1 3588 48.76 
M420D 0.3958 6.57 0.3187 10.92 12.7 3115 29.15 
M417D 0.3752 1.03 0.2920 1.62 1.9 2573 6.67 
M418D 0.3747 0.90 0.2918 1.55 1.8 2623 8.75 
M416D 0.3744 0.82 0.2913 1.41 1.6 2545 5.51 
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Removal of M161L 
 
Removal of M261U 
 
Removal of M401D 
 
 
 
 
 
Figure 5.13 Overstressed members (highlighted) due to member removal of DLST with Support S2-
Case 1 
  
Chapter 5 – Vulnerability Index for Progressive Collapse of DLST Using Linear Static Analysis  
 
 
156 
 
 
Figure 5.14 (i)  
 
Figure 5.14 (ii)  
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Figure 5.14 (iii)   
 
Figure 5.14 (iv)  
Figure 5.14 (i) DCRSD versus DCRMean of DLST with Support S3-Case 1 (ii) %DCRSD versus % 
DCRMean of DLST with Support S3-Case 1 (iii) Enlarge view of circle in (Figure 5.14(i))  
 (iv) Enlarge view of circle in (Figure 5.14 (ii)) 
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Table 5.14 Comparison of % DCRMeanSD and Rate Factor of DLST with Support S3- Case 1 
DLST with Support S3 
 
Member 
removal 
DCRMean %DCRMean DCRSD %DCRSD %DCRMeanSD 
Rate 
Factor 
% 
Rate 
Factor 
Without 
member 
removal 
- 0.4107 0 0.3049 0 0 3128 0 
Lower-
chord 
members 
M165L 0.4300 4.69 0.3103 1.75 5.01 3448 10.23 
M164L 0.4275 4.09 0.3125 2.47 4.78 3446 10.17 
M163L 0.4225 2.87 0.3160 3.62 4.62 3411 9.05 
M162L 0.4157 1.21 0.3158 3.57 3.77 3392 8.44 
M45L 0.4243 3.31 0.3064 0.48 3.34 3403 8.79 
M154L 0.4222 2.81 0.3087 1.24 3.07 3347 7.00 
M153L 0.4185 1.90 0.3117 2.22 2.93 3335 6.62 
M152L 0.4139 0.77 0.3117 2.22 2.35 3340 6.78 
Upper-
chord 
members 
 
M261U 0.4252 3.53 0.3079 0.99 3.66 3369 7.70 
M350U 0.4244 3.34 0.3089 1.30 3.58 3432 9.72 
M349U 0.4221 2.78 0.3111 2.01 3.43 3439 9.94 
M348U 0.4168 1.49 0.3131 2.67 3.06 3365 7.58 
M340U 0.4165 1.41 0.3092 1.38 1.97 3383 8.15 
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Removal of M165L 
 
Removal of M261U 
 
 
Figure 5.15 Overstressed members (highlighted) due to member removal of DLST with Support S3-
Case 1 
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In Case 1 the member labelled M401D of DLST with Support S1 and M161L of DLST 
with Support S2 are found to be the most vulnerable members to cause progressive collapse. 
This is because of their relatively large values of %Rate Factor and %DCRMeanSD where 
values equal to 292.70 and 75.13 respectively are for M401D and 86.3 and 110.53 
respectively are for M161L. These values are the increased percentages when before and 
after member removal are compared. The next highest values are 49.08 and 30.10 
respectively which are for M225U for DLST with Support S1. Hence M401D and M161L 
are identified as isolated members, whereas M225U is identified as a critical member. The 
failure of each isolated or critical member initiates the sequence for other members to cause 
catastrophic or severe failure respectively to the entire structure. However when the number 
of supports increases as with Support S2 compare to with Support S1, this reduces the 
number of critical members.  
 
DLST with Support S3 which is fully supported all around shows satisfactory performance 
against progressive collapse compared with the other two support conditions. With the 
exception of only one member, i.e. M165L where the analysis indicates that its removal 
has only 10.23 and 5.01 as the values of %Rate Factor and %DCRMeanSD respectively. 
However, due to removal of the other members, the results indicate %DCRMeanSD of less 
than 5 percent. 
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 Mode 
In order to describe the Vulnerability Index based on the likelihood of occurrence of 
overstressed members, mode values of the members are used. Values of the mode are 
calculated using SPSS software. A mode is defined as how frequent a member has a DCR 
greater than 1.0 after removal of each of the other 109 members.  A member that exhibits 
a high mode value would reflects that it becomes overstressed very frequently after another 
member is removed.  In this present study, the mode values of every member are identified 
and are displayed in Table 5.15, 5.16 and 5.17 for DLSTs with Support S1, S2 and S3 
respectively. Those members with mode values greater than 10 or between 2 and 10 or 
equal to 1 are categorised as frequent, likely or rare respectively. Those members with zero 
mode are not listed. From the tables members M223U, M163L and M349U have the highest 
mode values of 25, 32 and 61 for DLST with Support S1, S2 and S3 respectively.  It is 
observed that these members are also the members with the highest DCR values before any 
member removal as can be seen in (See Table 4.7).   
Table 5.15 Mode for DLST with Support S1 
Member Label Mode value (category) 
M223U 25 (Frequent) 
M14L 15 (Frequent) 
M2L 12 (Frequent) 
M13L 11(Frequent) 
M405D 8 (Likely) 
M3L, M12L 7 (Likely) 
M15L,M232U,M233U 6 (Likely) 
M234U,M403D,M404D 5 (Likely) 
M4L,M5L, M222U, M231U, M320U, M408D 4 (Likely) 
M1L,M221U, M224U, M242U, M243U, M407D, M445D 3 (Likely) 
M225U, M241U, M409D, M412D, M413D, M417D, 
M449D 
2 (Likely) 
M121L,M152L, M162L, M329U, M338U, M347U, 
M401D, M406D, M410D, M411D, M414D, M415D, 
M416D, M418D, M419D, M420D, M448D, M453D 
1 (Rare) 
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Table 5.16 Mode for DLST with Support S2 
Member Label Mode value (category) 
M163L 32 (Frequent) 
M53L 23 (Frequent) 
M261U 12 (Frequent) 
M416D 8 (Likely) 
M225U, M252U 7 (Likely) 
M347U 6 (Likely) 
M45L, M358U 5 (Likely) 
M154L, M162L, M340U, M350 4 (Likely) 
M223U, M243U, M401D, M418D, M419D 3 (Likely) 
M35L, M161L, M222U, M224U, M231U, M234U, 
M242U, M349U 
2 (Likely) 
M1L, M2L, M3L, M4L, M14L, M15L, M24L, M25L, 
M34L, M151L,M152L, M153L, M165L, M165L, M221U, 
M232U, M233U, M241U, M460D 
1 (Rare) 
 
 
Table 5.17 Mode for DLST with Support S3 
Member Label Mode value (category) 
M349U 61 (Frequent) 
M163L 38 (Frequent) 
M165L 32 (Frequent) 
M153L 30 (Frequent) 
M347U 11 (Frequent) 
M251U 8 (Likely) 
M45L, M252U 7 (Likely) 
M35L, M154, M242U, M261U,  5 (Likely) 
M152L, M164L, M243U, M339U, M340U, M248U 4 (Likely) 
M34L, M143L, M162L, M330U, M338U, M350U, 
M417D, M420D 
2 (likely) 
M24L, M25L, M233U, M234U, M241U, M413D, 
M453D, M457D, M460D, M497D, M537D 
1 (Rare) 
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 Correlation of Both Approaches  
Plots of points using %Rate Factor versus %DCRMeanSD shown in Figure 5.16, 5.17 and 
5.18 for DLST with Support S1, S2 and S3 respectively,  are used to determine the 
correlation between the Rate Factor and Probabilistic Approaches. The plots in each figure 
are clustered so as to resemble a rising line with a positive slope. Degree of correlation for 
all DLSTs are calculated using Equation 5.4 and the values are 0.986, 0.969 and 0.917 
respectively. Since these values are very close to 1.0 therefore the data points are considered 
as highly correlated, whereby value of 1.0 is for a perfect correlation and a value of 0 is for 
no correlation.  
The correlation formula is as follows: 
Correlation =  
∑ (%DCRMeanSD i−%DCR̅̅ ̅̅ ̅̅ ̅̅ ̅MeanSD)(%RateFactori−%Rate Factor̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅)
n
i=1
√∑ ((%DCRMeanSD i−%DCR̅̅ ̅̅ ̅̅ ̅̅ ̅MeanSD)
2x(%RateFactori−%Rate Factor̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅)
2)ni=1
  
Equation 5.4 
 
Figure 5.16 Correlation between Probabilistic Approach (using %DCRMeanSD) and Rate Factor 
Approach (using %Rate Factor) for DLST with Support S1-Case 1 
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Figure 5.17 Correlation between Probabilistic Approach (using %DCRMeanSD) and Rate Factor 
Approach (using %Rate Factor) for DLST with Support S2-Case 1 
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(i)  
 
(ii)  
Figure 5.18 Correlation between Probabilistic Approach (using %DCRMeanSD) and Rate Factor 
Approach (using %Rate Factor) for DLST with Support S3-Case1 (ii) Enlarge View of Correlation 
between Probabilistic Approach (using %DCRMeanSD) and Rate Factor Approach (using %Rate 
Factor) for DLST with Support S3-Case 1 
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 Vulnerability Index Assessment  
The aim of vulnerability index assessment is to quantify the possible risk of member 
removal in order to monitor the potential for progressive collapse of a structure. The basis 
of this assessment refers to the assumption that the potential of progressive collapse is high 
if the probability of progressive collapse due to member removal has a high likelihood of 
occurrence (mode) and associated intolerable consequence and vice versa. This notion is 
illustrated in Table 5.1 considering the removal of one-eighth of the total number of 
members in order to determine the followings.  
(i) Mode after removal of other members 
(ii) Consequence of removal of the member 
(iii) Quantifying the risk associated which is based on mode and consequence  
Table 5.18, 5.19 and 5.20 are for DLSTs with Support S1, S2 and S3 respectively. Each of 
these tables provides a risk matrix that can be used by designers to identify vulnerable 
members in the structure. Likelihood of occurrence (mode) is rated into three different 
categories namely rare, likely and frequent base on the mode values. Consequences on the 
severity of damage are considered as either severe or catastrophic which are identified from 
the percentage of DCRMeanSD of the member due to its removal. Descriptions of the terms 
mentioned above are as follows: 
Categories of Mode: 
(i) Frequent - chances of occurring is high causing high risk for progressive 
collapse 
(ii) Likely  – might happen causing moderate risk for progressive collapse 
(iii)Rare -  not occurring very often causing low risk for progressive collapse 
Categories of Consequences: 
(i) Catastrophic – Collapse is complete, certain and harmful  
(ii) Severe – Collapse is most likely and can lead to a cascading system failure 
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Table 5.18 gives only members with DCRMeanSD greater than 5% and mode value greater 
than zero. Other members that are not listed in the table are considered as unimportant or 
not vulnerable with insignificant or minimal consequence and also negligible mode whose 
data can be referred from Figure 5.10 and Table 5.15 respectively. In this case, minimal 
consequence is also not considered because it is still in the tolerable risk category having 
DCRMeanSD equal or less than 5%. Hence the eleven members listed in Table 5.18 are 
vulnerable and having very high risk. This implies that the other 99 members are not at 
risk.  As an example, M401D for DLST with Support S1 has a matrix classified as under 
catastrophic and rare mode. Although its mode is rare however the catastrophic 
consequences dominates the risk spectrum beyond control of the design basis, and this 
member is considered as the most vulnerable in the complete structure. Hence, it should be 
designed against the worst case event and also the truss should be designed to withstand 
sudden loss of such a member. The risk matrix for the DLST with Support S2 is shown in 
Table 5.19. Figure 5.12 and Table 5.16 provide consequences and mode data for DLST 
with Support S3. The member with the most intolerable risk for this truss is M161L and 
therefore this member should be treated similar to M401D in DLST with Support S1. 
However DLST with Support S3 whose risk matrix is shown in Table 5.20 has only one 
member, M165L with a high risk.  Data of consequences and mode for this truss are in 
Figure 5.14 and Table 5.17 respectively. However the other members listed in Table 5.18 
and 5.19 are categorised as severe with different categories of mode are also considered as 
having high risk and should be treated like member M401D and M161L in Table 5.18 and 
5.19 respectively.  
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Table 5.18 Risk Assessment for DLST with Support S1-Case 1 
 
Consequences of Severity 
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1 
 
Rare  M401D 
 
Table 5.19 Risk Assessment for DLST with Support S2-Case 1 
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1 
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Table 5.20 Risk Assessment for DLST with Support S3-Case 1 
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5.5 Case 2 – Rate Factor and Probabilistic Approach 
Generally when a member fails due to damage either caused by a natural hazard or due to 
a man-made error, the load carried by the failed member is transferred to other nearby 
members within the structure. However if the nearby members are also incapable of 
withstanding the added load then the failure will spread from member to member resulting 
in the progressive failure of the structure. Hence this study is conducted to examine the 
collapse path if more than one members are removed continuously using linear static 
analysis.  To study the collapse of the DLST structure using the Case 2 scenario, members 
are removed one after another progressively and the DCR values of the remaining members 
are calculated using the Rate Factor and Probabilistic approach to know the effects of 
progressive collapse. However, there are only few researchers who have addressed the 
effect of removing member progressively similar to the scenario in Case 2, since most of 
the previous investigations were focusing only on one member removed as carried out in 
Case 1 scenario. 
 
The Alternate Load Path Method (ALPM) has been used to analyze the effect of member 
removal for both Case 1 and Case 2 appraisals. Section 5.4 describes the analysis and results 
of the effect of member removal for Case 1. The following describes the steps for the 
analysis of Case 2.  
Step 1: Upon considering the original DLST, the member in compression with the highest 
DCR is selected.  
Step 2: The DLST is then analysed after removal of the member selected in Step 1.  
Step 3: From the results of the analysis in Step 2, the member with the highest DCR is 
identified. Values of %Rate Factor and %DCRMeanSD of the remaining members are 
recorded.  
Step 4: The DLST with removal of both members selected in Step 1 and identified in Step 
3 is reanalysed. 
Step 5: The whole process from Step 3 to Step 4 is repeated until at least five members 
have been removed.  
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Table 5.21 (i) and Figure 5.19 show the results obtained under Case 2 member removal. 
Since the original truss of DLST with Support S1 gives M223U, a compression member as 
having the highest DCR (See Table 4.9), therefore M223U is selected to be removed first. 
Results of the analysis of the DLST without M223U show that M232U has the highest DCR 
(2.8706) and the number of members with DCR≥1.0 is 46. Hence, for the next analysis, the 
DLST is without members M223U and M232U. This analysis is repeated with more and 
more members removed. After the fifth member is removed, the member with the highest 
DCR is M412D with DCR=6.1413 and there are 192 number of members with DCR≥1.0. 
In the earlier analysis in Section 5.4 when considering Case 1 removal, the first member 
removed M223U is considered as a critical member with DCR=0.9922. Next is to consider 
the compression member with the second highest DCR= 0.9216. From Table 4.9 the 
member is M225U. Hence the results with M225U as the first member removal are given 
in Table 5.21 (ii) and Figure 5.20. Figure 5.19 and Figure 5.20 both show a zip type collapse 
whereby after the failure of the first compression member which then led to the failure of 
a parallel member and another parallel member up to five members.   
 
To compare any differences in response when a non-critical member instead of a critical 
member is the first member to be removed, hence member M350U is randomly selected 
since it has DCR=0.2871 before any removal. The results are shown in Table 5.21(iii). 
When Table 5.21(i) and Table 5.21(iii) are compared, the highest DCR values in Table 5.21 
(iii) are always lesser, than in Table 5.21 (i). Also, the numbers of members having 
DCR≥1.0 are always lower in Table 5.21 (iii).  
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Table 5.21 DCRs due to member removal of DLST with Support S1- Case 2 
(i) With first member removal M223U  
With Support S1-Case 2 
Member Label 
DCR 
Before 
Removal 
Removal Continuously 
One member 
removed 
two members 
removed 
three members 
removed 
four members 
removed 
five members 
removed 
M223U 0.9922 X X X X X 
M232U 0.6664 2.8706 X X X X 
M241U 0.4324 1.0154 3.4498 X X X 
M250U 0.2950 0.4739 1.1121 4.0040 X X 
M259U 0.2364 0.2614 0.4630 1.2263 4.5597 X 
M412D 0.3871 1.0259 1.7769 2.9008 4.3768 6.1413 
Number of 
members  with 
DCR≥1.0 
0 46 71 112 152 192 
 
 
(ii) With first member removal M225U  
With Support S1-Case 2 
Member Label 
DCR 
Before 
Removal 
Removal Continuously 
One member 
removed 
two members 
removed 
three members 
removed 
four members 
removed 
five members 
removed 
M225U 0.9216 X X X X X 
M234U 0.7671 3.1033 X X X X 
M243U 0.5468 1.2510 3.7541 X X X 
M252U 0.3890 0.6662 1.4011 4.4359 X X 
M261U 0.3065 0.4080 0.6963 1.5819 5.1916 X 
M270U 0.3065 0.3201 0.4224 0.7706 1.8154 6.0971 
Number of 
members  with 
DCR≥1.0 
0 44 86 120 168 223 
 
(iii) With first member removal M350U 
 
With Support S1-Case 2 
Member Label 
DCR 
Before 
Removal 
Removal Continuously 
One member 
removed 
two members 
removed 
three members 
removed 
four members 
removed 
five members 
removed 
M350U 0.2871 X X X X X 
M317U 0.9922 0.9961 X X X X 
M326U 0.6664 0.6701 2.8885 X X X 
M335U 0.4324 0.4353 1.0258 3.4928 X X 
M344U 0.2950 0.2925 0.4735 1.1180 4.0746 X 
M681D 0.3871 0.3888 1.0333 1.7941 2.9429 4.4791 
Number of 
members  with 
DCR≥1.0 
0 0 47 73 110 159 
X indicates that the member in the row has been removed 
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Removal of M223U (one member) 
 
Removal of M232U (up to two members) 
 
Removal of M241U (up to three members) 
 
Removal of M250U(up to four members) 
 
Removal of M259U (up to five members) 
 
 
 
 
 
 
 
 
 
Figure 5.19 Overstressed members (highlighted) due to member removal (continuously) of DLST 
with Support S1-Case 2 
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Removal of M225U (one member) 
 
Removal of M234U (up to two members) 
 
Removal of M243U (up to three members) 
 
       Removal of M252(up to four members) 
 
Removal of M259U (up to five members) 
 
 
 
 
 
 
 
 
 
Figure 5.20 Overstressed members (highlighted) due to member removal (continuously) of DLST 
with Support S1-Case 2 
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Table 5.22 and Figure 5.21 are showing results of DCRs for DLST with Support S2 under 
Case 2 member removal, whereas Table 5.23 and Figure 5.22 are showing for DLST with 
Support S3. Considering the original DLST, members with the highest DCR for DLST with 
Support S2 and S3 selected to be removed first are M261U and M349U respectively. In 
DLST with Support S1 upon removal of the fifth member are shown in Table 5.21(i), the 
member with highest DCR reaches 6.1413 which is approximately twice more than the 
value for DLST with Support S2 and S3 which are 2.6231 and 3.4954 respectively. 
Furthermore the number of members having DCR≥1.0 for DLST with Support S1 is also 
more than twice compare to the other two DLSTs.  
Table 5.22 DCRs due to member removal of DLST with Support S2- Case 2 
With Support S2-Case 2 
Member Label 
DCR 
Before 
Removal 
Removal Continuously 
One member 
removed 
two members 
removed 
three members 
removed 
four members 
removed 
five members 
removed 
M261U 0.9698 X X X X X 
M252U 0.8917 1.4016 X X X X 
M243U 0.7767 0.9497 1.5573 X X X 
M270U 0.9698 1.3212 1.5253 1.6701 X X 
M279U 0.8917 1.0236 1.1035 1.1587 2.4297 X 
M288U 0.7767 0.8423 0.88021 0.9051 1.3545 2.6231 
Number of 
members  with 
DCR≥1.0 
0 13 16 28 60 74 
X indicates that the member in the row has been removed 
Table 5.23 DCR due to member removal of DLST with Support S3- Case 2 
With Support S3-Case 2 
Member Label 
DCR 
Before 
Removal 
Removal Continuously 
One member 
removed 
two members 
removed 
three members 
removed 
four members 
removed 
five members 
removed 
M349U 0.9997 X X X X X 
M358U 0.9997 1.3813 X X X X 
M367U 0.8856 0.9857 1.7436 X X X 
M376U 0.8176 0.8647 1.1212 2.5067 X X 
M340U 0.8856 1.3124 1.7436 2.1349 2.3812 X 
M331U 0.8176 0.9575 1.1210 1.2712 1.3640 3.4954 
Number of 
members  with 
DCR≥1.0 
0 29 59 72 84 105 
X indicates that the member in the row has been removed 
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Removal of M261U (One member) 
 
Removal M252U (Up to two members) 
 
 
Removal of M243U (Up to three members) 
  
  
Removal of M270U (Up to four members) 
 
Removal of M279U (Up to five members) 
 
 
 
 
 
 
 
 
Figure 5.21 Overstressed members (highlighted) due to member removal (continuously) of DLST 
with Support S2-Case 2 
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Removal of M349U (One member) 
 
Removal of M358U (Up to two member) 
 
Removal of M367U (Up to three 
members) 
 
Removal of M376U (Up to four member) 
 
Removal of M340U 
 
 
 
 
 
Figure 5.22 Overstressed members (highlighted) due to member removal (continuously) of DLST 
with Support S3-Case 2 
 
1.0 ≤ DCR<1.2 
DCR≥1.2 
   Member Removed 
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Figure 5.23 shows graphs on the numbers of members with DCR≥1.0 for each DLST. The 
graphs show that for all DLSTs after one or more members are removed the numbers of 
members with DCR≥1.0 increase. The numbers of overstressed members in DLST with 
Support S1 rise dramatically from 46 to 192, following the removal of only one until five 
members removed continuously. However the numbers of members with DCR≥1.0 in 
DLST with Support S2 increase gradually from 13 to 74. The same gradual increment is 
similar to DLST with Support S3.  
 
 
Figure 5.23 Comparison on the numbers of members with DCR≥1.0 for DLSTs with Support S1, S2 
and S3 
Table 5.24, 5.25 and 5.26 shows the number of members in each zone upon the removal of 
the first until the fifth member continuously for DLST with Support S1, S2 and S3 
respectively. The tables show the calculated Rate Factor values Similar to Case 1, the Rate 
Factor is calculated by considering the number of members in each zone and multiplying 
the number  with the Factor as given in Table 5.3 which is then sum up to get the total Rate 
Factor. %Rate Factor is the % increase in the Rate Factor with member removal relative to 
without member removal. There is no doubt that as more members are removed the % 
increase in Rate Factor also increases. It is clear that the largest percentage increase in Rate 
Factor after each member removal goes to DLST with Support S1 followed by DLST with 
Support S2. Hence, DLST with Support S3 has the lowest percentage increase in Rate 
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Factor compared to the other two DLSTs. Table 5.24 indicates that upon removal of the 
second member in DLST with Support S1, the % increase in Rate Factor reaches 
approximately 84.92% where the total number of members in Zone 5 and Zone 6 are 29 
and 42 respectively.  In DLST with Support S2 the % increase in Rate Factor reaches 
83.58% when the fifth member has been removed whereas DLST with Support S3 only 
reaches 62.53% upon the fifth member removal. Hence, DLST with Support S1 shows a 
staggering increase in % of Rate Factor compared to DLST with Support S2 and S3.  
Table 5.24 Number of members and Rate Factor for DLST with Support S1- Case 2 
Factor (Zone 
Range) 
  
Before 
Removal 
Removal Continuously 
One member 
removed 
(M223U) 
two members 
removed 
(M223U, 
M232U) 
three members 
removed 
(M223U, 
M232U, 
M241U) 
four members 
removed 
(M223U, 
M232U, 
M241U, 
M250U) 
 
five members 
removed 
(M223U, 
M232U, 
M241U, 
M250U, 
M259U) 
1 (Zone 1 ) 596 564 516 450 387 319 
4 (Zone 2) 72 77 95 116 122 121 
9(Zone 3) 88 83 84 92 102 121 
16 (Zone 4) 44 29 32 27 33 42 
25(Zone 5) 0 29 29 47 48 59 
36(Zone 6) 0 17 42 65 104 133 
 
Rate Factor  
2380 3420 4401 5689 7265 8827 
%  Rate Factor  
- 43.70 84.92 103.66 165.66 247.28 
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Table 5.25 Number of members and Rate Factor for DLST with Support S2- Case 2 
Factor(Zone 
Range) 
Number of members in each zone 
Before 
Removal 
Removal Continuously 
One member 
removed 
(M261U) 
two members 
removed 
(M261U, 
M252U) 
three members 
removed 
(M261U, 
M252U, 
M243U) 
four members 
removed 
(M161U, 
M2252U, 
M243U, 
M270U)  
five members 
removed 
(M261U, 
M252U, 
M243U, 
M270U, 
M279U) 
1 (Zone 1 ) 568 560 558 562 533 542 
4 (Zone 2) 88 90 90 81 110 89 
9(Zone 3) 116 88 84 83 66 71 
16 (Zone 4) 28 48 50 43 27 19 
25(Zone 5) 0 11 11 22 39 48 
36(Zone 6) 0 2 5 6 21 26 
 
Rate Factor  
2412 2827 2929 3087 3730 3977 
% Rate Factor  
0 17.20 21.43 27.99 54.64 64.88 
 
Table 5.26 Number of members and Rate Factor for DLST with Support S3- Case 2 
Factor(Zone 
Range) 
Number of members in each zone 
Before 
Removal 
Removal Continuously 
One member 
removed 
(M349U) 
two members 
removed 
(M349U, 
M358U) 
three members 
removed 
(M349U, 
M358U, 
M367U) 
four members 
removed 
(M349U, 
M358U, 
M367U, 
M376U) 
five members 
removed 
(M349U, 
M358U, 
M367U, 
M376U, 
M340U) 
1 (Zone 1 ) 520 513 506 498 505 495 
4 (Zone 2) 100 106 105 116 105 126 
9(Zone 3) 96 96 89 86 83 45 
16 (Zone 4) 84 55 39 25 19 24 
25(Zone 5) 0 26 50 47 43 44 
36(Zone 6) 0 3 9 25 41 61 
 
Rate Factor 
3128 3439 3925 4211 4527 5084 
% Rate Factor 
0 9.94 25.48 34.62 44.73 62.53 
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Probabilistic Approach requires parameters like skewnees, kurtosis and %DCRMeanSD of the 
DCRs of DLST members. Table 5.27, 5.28 and 5.29 give the parameter values for DLSTs 
with Support S1, S2 and S3 respectively. Table 5.27, 5.28 and 5.29 give skewness values 
of 1.52, 0.73 and 0.63 after the first member is removed. This indicates that the distribution 
of DCR data for DLST with Support S1 has the longest tail to the right. However, with five 
member removal DLSTs with Support S2 and S3 only reach skewness values of 1.4 and 
1.83 respectively, whereas DLST with Support S1 has reached skewness value of 3.48. 
Table 5.27 shows kurtosis equals to 3.94 with one member removal. Since this kurtosis 
value is positive it indicates that there are many members having DCR greater than 1.0. 
This is for only one member removal for DLST with Support S1, whereas for DLSTs with 
Support S2 and S3 it takes five member removal each for the kurtosis to reach 2.49 and 
5.28 respectively as shown in Table 5.28 and 5.29. As shown in Table 5.27, 5.28 and 5.29 
the value of %DCRMeanSD increases as the number of member removal increases. With five 
member removal DLSTs with Support S1, S2 and S3 have %DCRMeanSD equal to 247.28, 
29.72 and 45.19 respectively. This indicates that DLST with Support S1 has the highest 
increase rate of %DCRMeanSD. Hence, from the three above parameters, DLST with Support 
S1 is comparatively more vulnerable compared to the other two DLSTs.  
 
The results of Probabilistic Approach which include skewness, kurtosis, %DCRMeanSD 
give slightly higher magnitudes for DLST with Support S3 compared to S2 even though S2 
has lesser number of supports than S3. This indicates that the results are influence by 
positions of the removed members.  
 
Figure 5.24, 5.25 and 5.26 show correlation between Probabilistic Approach (using 
%DCRMeanSD) and Rate Factor Approach (using %Rate Factor) for DLSTs with Support 
S1, S2 and S3 respectively. Each graph shows good correlation between the two approaches 
since its R-squared value which is a measure of goodness of fit seems to be close to 1.0.  
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Table 5.27 Using DCRs for Probabilistic Approach of DLST with Support S1- Case 2 
 
Probabilistic Approach 
Before 
Removal 
Removal Continuously 
One member 
removed 
(M223U) 
two members 
removed 
(M223U, 
M232U) 
three members 
removed 
(M223U, 
M232U, 
M241U) 
four members 
removed 
(M223U, 
M232U, 
M241U, 
M250U) 
five members 
removed 
(M223U, 
M232U, 
M241U, 
M250U, 
M259U) 
Skewness 0.91 1.52 1.86 2.31 2.91 3.48 
kurtosis -0.48 3.94 5.70 7.97 11.64 15.37 
DCRMean 0.3264 0.3847 0.4599 0.5611 0.6849 0.8282 
DCRSD 0.2900 0.3478 0.4118 0.5067 0.6498 0.8518 
%DCRMean 0 17.85 40.90 71.89 109.81 153.73 
%DCRSD 0 19.91 41.97 74.69 124.04 193.68 
%DCRMeanSD 0 26.74 58.60 103.66 165.66 247.28 
 
Table 5.28 Using DCRs for Probabilistic Approach of DLST with Support S2- Case 2 
 
Mean and Standard Deviation of DCRs 
Before 
Removal 
Removal Continuously 
One member 
removed 
(M261U) 
two members 
removed 
(M261U, 
M252U) 
three members 
removed 
(M261U, 
M252U, 
M243U) 
four members 
removed 
(M161U, 
M2252U, 
M243U, 
M270U)  
five members 
removed 
(M261U, 
M252U, 
M243U, 
M270U, 
M279U) 
Skewness 0.65 0.73 0.82 0.89 1.24 1.40 
Kurtosis -0.87 -0.51 -0.14 0.02 1.87 2.49 
DCRMean 0.3714 0.3884 0.3934 0.3941 0.4208 0.4335 
DCRSD 0.2873 0.2898 0.2968 0.3043 0.3394 0.3579 
%DCRMean 0 4.58 5.92 6.11 13.30 16.72 
%DCRSD 0 0.87 3.31 5.92 18.13 24.57 
%DCRMeanSD 0 4.66 6.78 8.51 22.49 29.72 
 
Table 5.29 Using DCRs for Probabilistic Approach of DLST with Support S3- Case 2 
 
Mean and Standard Deviation of DCRs 
Before 
Removal 
Removal Continuously 
One member 
removed 
(M349U) 
two members 
removed 
(M349U, 
M358U) 
three members 
removed 
(M349U, 
M358U, 
M367U) 
four members 
removed 
(M349U, 
M358U, 
M367U, 
M376U) 
five members 
removed 
(M349U, 
M358U, 
M367U, 
M376U, 
M340U) 
Skewness 0.54 0.63 0.88 1.26 1.32 1.83 
Kurtosis -1.07 -0.79 0.20 2.20 2.10 5.28 
DCRMean 0.4107 0.4221 0.4414 0.4581 0.4649 0.4911 
DCRSD 0.3049 0.3111 0.3300 0.3609 0.3775 0.4291 
%DCRMean 0 2.7805 7.48 11.54 13.20 19.58 
%DCRSD 0 2.0124 8.23 18.37 23.81 40.73 
%DCRMeanSD 0 3.4323 11.12 21.70 27.22 45.19 
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Figure 5.24 Correlation between Probabilistic Approach (using %DCRMeanSD) and Rate Factor 
Approach (using %Rate Factor) for DLST with Support S1-Case 2 
 
 
Figure 5.25 Correlation between Probabilistic Approach (using %DCRMeanSD) and Rate Factor 
Approach (using %Rate Factor) for DLST with Support S2-Case 2 
 
Figure 5.26 Correlation between Probabilistic Approach (using %DCRMeanSD) and Rate Factor 
Approach (using %Rate Factor) for DLST with Support S3-Case 2 
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5.6 Concluding Remarks 
This chapter describes the determination of Vulnerability Index used to investigate the 
likelihood of progressive collapse of double-layer space trusses (DLSTs) of Case 1 and 
Case 2 member removal. The analysis was conducted using Alternate Load Path Method 
(ALPM) whereby Demand Capacity Ratios (DCRs) are used to determine the Vulnerability 
Index of the structure using Rate Factor and Probabilistic Approach. The finding of this 
chapter categorizes mode of occurrence for each structure either as frequent, likely or rare 
and consequences to collapse for each member as catastrophic or severe. This study 
therefore indicates that analyzing the results of the removal of individual members 
technique of a DLST is needed in order to give guidelines to engineers and designers as to 
which member is vulnerable based on the number of supports. If the effect of this local 
damage has the potential to propagate and cause total collapse of the whole structure then 
this particular member can be defined as critical. 
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Chapter 6 
6 Nonlinear Analysis of Full Scale Double-
Layer Space Trusses  
6.1 Introduction 
The present study compares two methods of analysing the progressive collapse of full 
scale DLSTs. The first method, as explained in Chapter 5, deals with linear analysis 
using SAP 2000, whereas the second method explained in this chapter deals with the 
nonlinear analysis of DLSTs using ABAQUS /CAE Version 6.10.  From both sets of 
results, it is apparent that both methods are capable of showing significant progressive 
collapse behaviour of these space trusses. However, when compared to the linear 
analysis results, the nonlinear analysis results provide an enhanced structural response, 
give more precise results and also provide a practical tool for the evaluation of 
progressive collapse of structures. Nevertheless, the linear analysis procedure provides 
a simpler and more conventional choice for modelling possible progressive collapse of 
structures, whereby every member is removed individually and different member loss 
scenarios are studied. However, in order to investigate the nonlinear behaviour of the 
members due to increasing applied loads and to determine the collapse load of the 
structure, a nonlinear analysis has to be conducted. Hence, the collapse behaviour of 
each DLST is examined in this chapter using the finite element package, ABAQUS 
("ABAQUS/CAE, Inc. Released 2010,"). The boundary conditions and individual 
member behaviours are both considered as important aspects in dealing with 
progressive collapse. The same DLSTs used in Chapter 5, in terms of their 
configurations, section sizes, loading conditions, material properties and boundary 
conditions, are used again in this chapter.  
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6.2 Nonlinear Analysis 
In order to trace the behaviour of the members in a DLST, a nonlinear analysis using 
Riks Method is adopted, which is capable of dealing with both buckling and post-
buckling behaviour (Zhao, 2008).The Riks Method needs to be considered due to 
material nonlinearity and geometric nonlinearity occurring prior to member buckling 
in the structures because the standard incremental way frequently does not converge 
during collapse.  
 
In the initial course of running the analysis, several convergence failures were 
demonstrated while running the nonlinear analysis using the standard Newton-Raphson 
Method. Even though the program tried hard to make changes to overcome the 
instability, it was unable to converge and the analysis stopped. The requirement of 
analysing the DLST using the standard method is intended to reflect the Riks method 
as a corrective measure in solving the convergence problem. A discussion of these 
methods is explained in Section 6.4 of this thesis report.  
 
Nonlinear analysis is performed to produce a more realistic representation of the 
progressive collapse phenomenon and also to produce a better degree of accuracy of 
the overall structural behaviour. This study aims to explain the step-by step approach 
and to trace the actual behaviour of individual DLST members, involving the 
redistribution of loads. Traditionally, a collapse mechanism is concerned with loads 
being redistributed due to the loss of a member, which eventually can cause a complete 
collapse of the structure. This unstable response during the loading history makes it 
necessary to understand the overall response of the structure. This present study intends 
to demonstrate the nonlinear analysis of buckling and post-buckling behaviour of a 
compression member and post-yield behaviour of a tension member using the Riks 
Method. The understanding and determining the buckling path is to give an insight into 
the behaviour of DLSTs. Initial attempts at the nonlinear analysis began by finding the 
loss through the failure of one or more members. Here, it was apparent that a heavily 
loaded compression member will be the most critical member and the first member to 
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fail. For each DLST with different boundary conditions the critical members are 
situated differently. For example, in a DLST supported at four corners also known as 
Support S1, the member in the upper chord situated near the centre of the perimeter 
grid line will be the most critical members, whereas, for the other DLST models with 
Support S2 and Support S3, the critical members can be any compression upper chord 
members or compression diagonal members depending on the design. To understand 
the relative collapse behaviour between DLSTs with different boundary conditions, the 
member behaviours of the DLSTs have to be compared.   
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6.3 Finite Element Model 
Figure 6.1 shows the DLST with a repeated configuration as described in Chapter 5 
with a rendered beam profile. The member labels of the DLST are shown in Figure 6.2. 
The finite Element Analysis package ABAQUS Version 6.10 using beam elements was 
used to conduct the nonlinear analysis. A relatively fine mesh was chosen for the 
number of beam elements in a single member, i.e. relatively 12 elements. Each member 
was modelled using a one dimensional beam element, type B31, placed in a three 
dimensional space. Each DLST structure consisted of members with equal outer 
diameters but with different ranges of wall thicknesses as shown in Table 6.1, 6.2 and 
6.3 for DLST with Support S1, S2 and S3 respectively. These tables list member labels 
showing their section sizes. The lower-chord and diagonal members use pipe cross 
sections with a smaller section diameter compared to the diameter of the upper chord 
members. The diagonal members are rigidly connected to the upper and lower chord 
members. Since the material behaviour in this simulation is assumed to be elastic 
plastic, Table 6.2 and Figure 6.3 show the beam element section properties of the DLST 
members. All elements have a pipe cross-section shape. Each element has two end 
nodes and a total of 6 degrees of freedom (DOF), i.e. three in rotations and three in 
translations, at each node as shown in Figure 6.4.  
 
Figure 6.1. Rendered beam profile of the double-layer space truss used for the Progressive 
Collapse Analysis  
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Figure 6.2. Member labels for DLST 
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Table 6.1. Member sections used in DLST with Support S1 
 DLST with Support S1 
Member Label 
Outside  
Diameter 
(mm) 
Wall 
Thickness  
(mm) 
Cross 
Sectional Area 
(mm2) 
L
o
w
er
-C
h
o
rd
 
M
em
b
er
 
1 
323.9 
10 9861.46 
2 12.5 12228.65 
3 16 15476.74 
4,5 20 19094.60 
12, 13, 14, 23, 24, 25, 34, 35, 45, 121, 131, 
132, 141, 142, 143, 151, 152, 153, 154, 161, 
162, 163, 164, 165 
6.3 6285.95 
15 8 7939.43 
U
p
p
er
-C
h
o
rd
 
M
em
b
er
 
221 
406.4 
10 12453.27 
222 14.2 17496.28 
223 16 19623.64 
224, 225 20 24278.23 
231,232,233, 234, 241, 242, 243, 251, 252, 
261, 320, 329, 330, 338, 339, 340, 347, 348, 
349, 350 
6.3 7918.79 
D
ia
g
o
n
a
l 
M
em
b
er
 401 
323.9 
20 19094.60 
403, 404, 405, 406, 407, 408, 409, 410, 411, 
412, 413, 414, 415, 416, 417, 418, 419, 420, 
445, 447, 448, 449, 450, 451, 452, 453, 454, 
455, 456, 457, 458, 459, 460, 489, 490, 491, 
492, 493, 493, 495, 496, 497, 498, 499, 500, 
533, 535, 536, 537, 538, 539, 540, 577, 579, 
580 
6.3 6285.95 
 
Table 6.2. Member sections used in DLST with Support S2 
 DLST with Support S2 
Member Label 
Outside  
Diameter 
(mm) 
Wall 
Thickness  
(mm) 
Cross 
Sectional Area 
(mm2) 
L
o
w
er
-
C
h
o
rd
 
M
em
b
er
 
1, 2, 3, 4, 5, 12, 13, 14,15, 23, 24, 25, 34, 
35, 45, 121, 131, 132, 141, 142, 143, 151, 
152, 153, 154 
193.7 
5 2964.09 
161 8 4667.15 
162, 163 10 5771.11 
164, 165 12.5 7115.71 
U
p
p
er
-C
h
o
rd
 
M
em
b
er
 
221, 223, 224, 231, 232, 233, 234, 241, 241, 
243,  320, 329, 330, 338, 339, 340 
219.1 
5 3363.07 
222, 225, 251, 252 6.3 4211.74 
261 12.5 8113.16 
347 6.3 4211.74 
348 10 6569.07 
349 12.5 8113.16 
350 12.5 8113.16 
D
ia
g
o
n
a
l 
M
em
b
er
 
401 
193.7 
8 4667.15 
403, 404, 405, 406, 407, 408, 409, 410, 411, 
412, 413, 414, 415, 416, 417, 418, 419,  
445, 447, 448, 449, 450, 451, 452, 453, 454, 
455, 456, 457, 458, 459, 460, 489, 490, 491, 
492, 493, 493, 495, 496, 497, 498, 499, 500, 
533, 535, 536, 537, 538, 539, 540, 577, 579, 
580 
5 2964.09 
420 16 8932.18 
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Table 6.3. Member sections for DLST with Support S3 
 DLST with Support S3 
Member Label 
Outside  
Diameter 
(mm) 
Wall 
Thickness  
(mm) 
Cross 
Sectional Area 
(mm2) 
L
o
w
er
-C
h
o
rd
 
M
em
b
er
 
1, 2, 3, 4, 5, 12, 13, 14,15, 23, 24, 25, 34, 
35,  121, 131, 132, 141, 142, 143, 151, 152, 
161 
139.7 
5 2115.86 
45,  154, 163 8 3309.98 
153 6.3 2640.26 
162 6.3 2640.26 
164, 165 10 4074.65 
U
p
p
er
-C
h
o
rd
 
M
em
b
er
 
221, 222, 223, 224, 225, 231, 232, 233, 234, 
241, 241, 243,  320, 329, 330, 338, 347 
193.7 
5 2964.09 
251, 252, 340, 348 10 5771.11 
261, 350 16 8932.18 
339 8 4667.15 
349 12.5 7115.71 
D
ia
g
o
n
a
l 
M
em
b
er
 
401, 403, 404, 405, 406, 407, 408, 409, 410, 
411, 412, 413, 414, 415, 416, 417, 418, 419, 
420, 445, 447, 448, 449, 450, 451, 452, 453, 
454, 455, 456, 457, 458, 459, 460, 489, 490, 
491, 492, 493, 493, 495, 496, 497, 498, 499, 
500, 533, 535, 536, 537, 538, 539, 540, 577, 
579, 580 
168.3 5 2565.11 
 
 
Table 6.4. Material properties of members 
Material Behaviour  
Elastic Range 
Young’s Modulus = 210.0x103 N/mm2 
Poisson’s Ratio= 0.3 
Yield Stress 355.0 N/mm2 
Plastic Range 
Stress (N/mm2) Plastic Strain 
355.0 0 
365.0 0.02 
396.0 0.03333 
475.0 0.07333 
510.0 0.14 
505.0 0.17 
496.0 0.2 
 
 
 
 
 
 
 
 
Chapter 6 – Nonlinear Analysis of Full Scale DLSTs 
 
 
191 
 
 
 
Figure 6.3 Stress Vs Strain for members  
 
dof 1= ux dof 2= uy dof 3= uz 
dof 4= Øx dof 5= Øy dof 6= Øz 
 
 
 
 
Figure 6.4. (i) 3D Beam Finite Element with end nodes I and J 
                                      (ii) Degrees of Freedom (dof) at one end node 
 
  
(i)                                                                              (ii) 
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6.4 Nonlinear Collapse Analysis of Double-Layer Space Trusses 
In order to study the post-buckling behaviour of a DLST structure, a nonlinear finite 
element method analysis is performed using ABAQUS. However, as discussed 
previously in Chapter 3 of this thesis report i.e. “Preliminary Study of a Double-Layer 
Space Truss Using Finite Element Method”, several methods are possible depending 
on how the structure was designed to fail. These different methods discussed previously 
serve the purpose well, however, modifications to the classical Newton’s Method by 
imposing imperfections or by using a different approach such as switching to the Riks 
Method using Load Control have helped in improving the verification model. Therefore 
in order to trace the full nonlinear behaviour of the DLST up to collapse, the Riks’s 
Method using the Load Control solution is adopted, as it can provide solutions 
especially for complex and unstable responses shown in the DLST structure studied in 
this thesis. 
 
The Riks method is preferable due to its ability to deal with the structural instability 
problems which usually occur in static buckling analysis. In the context of steel 
structural material, the structural instability is referring to the condition at where the 
structure has reached its maximum sustainable load value. Thereafter, the value of the 
applied load will decrease while the structure increases in displacement. A typical load-
displacement response for such buckling behaviour is shown in Figure 6.5 (ii). In the 
case shown in this figure, when the structure has reached its maximum allowable load 
value, the load-displacement response indicates a negative stiffness and increases in 
strain to remain in equilibrium. For a regular static analysis procedure which utilises 
the Newton Raphson method, the point of zero stiffness (refer to Figure 6.5(i)) will 
usually poses a problem as the method predicts an unbounded displacement increment. 
This is the main reason for the inability of the analysis to find further equilibrium 
solution and thus, stops without achieving convergence. 
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To analyse the response of the structure after the instability point, the Riks method has 
been known to provide a better solution technique at which the concept of an arc length 
is introduced. In the Riks Method the load increment is also considered as unknown 
variable, along with the displacement. Therefore another quantity which is the arc 
length is utilised in evaluating the progress of the solution. The arc length is the distance 
along the equilibrium solution path in the load-displacement curve (refer to Figure 
6.5(ii)). Having such radii, thus the value of iteration will be within the area of vicinity 
of the previous displacement thus restricting the search of the next resultant 
displacement. This allows the analysis to obtain the value of the displacement after the 
instability point (Tsai & Palazotto, 1991; Xue, 2012; Zhao, 2008).  
 
Therefore in order to trace the full nonlinear behaviour of the DLST up to collapse, the 
Riks’s Method using a Load control solution is adopted as this method can possibly 
provide a solution especially for unstable responses exhibited in the DLST structure in 
this present study.  
 
Figure 6.5 (i) Newton-Raphson Method 
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Figure 6.5 (ii) Riks Method 
6.5 Progressive Collapse Path  
In a highly indeterminate DLST structure, the sequence of member failure following a 
particular load path may occur however some of the members tend to dominate the 
collapse considerably and they are susceptible to failure while others have a very low 
likelihood of failure. In this present study, identification of the collapse load path is 
important when finding the critical members. A member is defined to be critical in 
tension or compression when it is more likely to yield or buckle respectively. The 
following describes the collapse path of three DLST models using nonlinear analysis. 
In this present study the buckling, and post-buckling behaviour of the DLST members 
are illustrated.   
 DLST with Support S1 
Figure 6.6 shows the load displacement behaviour obtained for the DLST structure with 
Support S1 subject to the loading as explained in Section 4.3.1.3. Every displacement 
is taken vertically at the centre node 61 of the structure (See Figure 4.4) which is 
supported at the four corner nodes of the lower chord, i.e. Node 1, Node 11, Node 111 
and Node 121. The graph in Figure 6.6 shows a linear response until the total applied 
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load is equal to 13888.24 kN and its corresponding central displacement is equal to 
513.52 mm which at this point is called Step C. Then the load tends to plateau until 
Step P where the displacement reaches 940.45 mm. Step A and B are on the slanting 
linear line.  From Step A to P a continuous sequence of member behaviour is shown in 
Table 6.5. Figure 6.7 highlights in red colour the critical members at each step. Blue 
colour members indicate that they have been discussed in the previous steps. Here, a 
critical member in compression is defined as the member that reaches its maximum 
peak stress and then starts to become less effective as it buckles.  Whereas, a critical 
member in tension is defined as the member that has reached its yield stress. Details of 
member results following each step are shown in Figures 6.8 to 6.43.  
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Figure 6.6 Graph of Load versus Displacement at node 61 for DLST with Support S1
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Table 6.5. Remarks on the steps in Figure 6.6 for DLST with Support S1 
Step 
(Displacement) 
Member in 
Compression 
Member in 
Tension 
Behaviour 
 
A (466.00mm) 
Fig 6.7 (i) 
Fig. 6.8  
 M2L Fig 6.9  Yields 
B(474.22mm) 
Fig 6.7 (ii) 
Fig 6.10 
 M3L Fig 6.11 Yields 
C (513.52mm) 
Fig 6.7 (iii) 
Fig 6.12 
Fig 6.13 
 
 
 
 
 
 
 
Fig 6.15 
Fig 6.16 
 
M221U Fig 6.14 (i)  The member has become less 
effective due to load redistribution  
M222U Fig 6.14(ii)  The member has become less 
effective due to load redistribution 
M223U Fig 6.14 (iii)  The member has become less 
effective due to load redistribution 
M401D Fig 6.14 (vi)  The member has become less 
effective due to load redistribution 
M224U Fig 6.14 (iv)  Approach buckling 
M225U Fig 6.14(v)  Buckles 
 M5L Fig 6.17 (i)  Yields  
 M14L Fig 6.17 (ii) Yields  
D (557.10mm) 
Fig 6.7 (iv) 
Fig 6.18 
Fig 6.19 
 
 
 
 
 
 
Fig 6.21 
M231U Fig 6.20 (i)  The member has become less 
effective due to load redistribution 
M232U Fig 6.20 (ii)  The member has become less 
effective due to load redistribution 
M320U Fig 6.20 (v)  The member has become less 
effective due to load redistribution 
M233U Fig 6.20 (iii)  Approach buckling  
M234U Fig 6.20 (iv)  Buckles 
 M15L Fig 6.22 Yields 
E (584.32mm) 
Fig 6.7 (v) 
Fig 6.23 
 M4L Fig 6.24 Yields 
F (645.90mm) 
Fig 6.7 (vi) 
Fig 6.25 
 
M329U Fig 6.26  The member has become less 
effective due to load redistribution 
G (650.82mm) 
Fig 6.7 (vii) 
Fig 6.27 
Fig 6.28 
M405D Fig 6.29(i)  The member has become less 
effective due to load redistribution 
M409D Fig 6.29(ii)  The member has become less 
effective due to load redistribution 
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Table 6.5 (cont) Remarks on the steps in Figure 6.6 for DLST with Support S1 
Step 
(Displacement) 
Member in 
Compression 
Member in 
Tension 
Behaviour 
 
H (695.92mm) 
Fig 6.7 (viii) 
Fig 6.30 
Fig 6.31 
M243U Fig 6.32(i)  Buckles 
M330U Fig 6.32(ii)  The member has become less 
effective due to load redistribution 
J (713.46mm) 
Fig 6.7 (ix) 
Fig 6.33 
Fig 6.34 
Fig 6.36 
M241U Fig 6.35(i)   The member has become less 
effective due to load redistribution 
M242U Fig 6.35(ii)  The member has become less 
effective due to load redistribution 
 M25L Fig 6.37 Yields 
K (872.16mm) 
Fig 6.7 (x) 
Fig 6.38 
 
M347U Fig 6.39  Snap-through buckling seen at 
Step C. 
The member has become less 
effective due to load 
redistribution. 
 
M348U 
M349U 
M350U 
 Snap-through buckling seen at 
Step C. 
P (940.45mm) 
Fig 6.40 
Fig 6.42 
Members have not yet 
distribute stresses.  
M251U in Figure 6.41 
is used as an example  
Members are in 
elastic range.  
M1L in 
Figure6.43 is used 
as an example 
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Figure 6.7 (i) Member in red Step A                Figure 6.7(ii) Member in red Step B                     Figure 6.7(iii) Members in red Step C 
 
Figure 6.7 (iv) Members in red Step D                Figure 6.7(v) Member in red Step E                     Figure 6.7(vi) Members in red Step F 
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Figure 6.7 (vii) Member in red Step G                Figure 6.7(viii) Member in red Step H                     Figure 6.7(ix) Members in red Step J 
 
Figure 6.7 (x) Member in red Step K 
Figure 6.7 Members in Step A to K 
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Step A 
The first member to yield at Step A is member M2L whose location is shown in Figure 
6.7 (i). Graph of member axial stress versus global vertical displacement is shown in 
Figure 6.8. This graph indicates that it is linear until the displacement at Step A. 
However the response is still linear up to Step C. After Step C, then the response then 
becomes a plateau. Figure 6.9 is shows the response of member axial stress versus 
member percentage strain. At point (1) the stress is 355MPa which is the yield stress 
and the percentage strain is 0.1467 which is elastic strain.  The percentage strain 
remains fairly constant until it reaches Step P.  
 
Step B  
 
As the global displacement increases reaching Step B, the member that yields is 
member M3L whose location is shown in Figure 6.7 (ii). This behaviour is similar to 
M2L as explained in Step A. Similarly, from Figure 6.11 the percentage strain for M3L 
at point (1) is 0.1699 and the stress remains fairly constant until point (2) with 
percentage strain equals to 0.3426 at Step K. However, after point (2) the stress starts 
to increase to point (3) equal to 363MPa and a percentage strain 0.3594 at Step P.  
 
The above behaviour indicates that yields in tension spreads from the corner of the grid 
towards the centre side until two complete yields lines have formed across the lower 
chord of the truss structure.  
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Figure 6.8 Member stress (tension) at Step A 
for DLST with Support S1 
Figure 6.9 Member behaviour (tension) 
around Step A for DLST with Support S1 
 
     
Figure 6.10 Member stress (tension) at Step B 
for DLST with Support S1 
Figure 6.11 Member behaviour (tension) 
around Step B for DLST with Support S1 
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Step C 
At Step C it is observed that the load displacement response approaches a plateau with 
constant load until it reaches a displacement of 940.45mm (See Figure 6.6). In this step 
there are six critical members in compression i.e. M221U, M222U, M223U, M224U, 
M225U and M401D as shown in Figure 6.12 to Figure 6.14 and also two critical 
members that yield in tension i.e. M5L and M14L as shown in Figure 6.15 to 6.17.  
 
Figure 6.12 gives graphs of axial stress versus vertical displacement for the six chosen 
members in compression which have maximum axial stress and then become unstable 
when the global vertical displacement equals 513.5mm. These six members in Step C 
are situated in the upper level and outer perimeter where M221U is attached to M401D 
at the corner support and M225U is at the centre perimeter of the DLST model (See 
Figure 6.7(iii)). Figure 6.13 shows graphs of member axial stress versus percentage 
strain for these members. Since these six graphs in Figure 6.13 are very close to each 
other and are overlapping, therefore these graphs are separated and are shown 
individually in Figure 6.14(i)(a) to 6.14(vi)(a) and are plotted using enlarged scales in 
Figure 6.14(i)(b) to 6.14(vi)(b) respectively.  
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Figure 6.12 Member stresses (compression) at 
Step C for DLST with Support S1. 
Figure 6.13 Member behaviour (compression) 
around Step C for DLST with Support S1. 
 
Referring to the graph in Figure 6.14(i) which is for member M221U, the graph shows 
changes in stress values starting from zero at point (1), increasing linearly to a peak at 
point (2) (compressive stress=243.2MPa,  compressive % strain=0.116), and then 
reduces to point (3) (compressive stress=225.8MPa, compressive %strain=0.108). This 
reduction in stress values from point (2) to point (3) indicates that there is 7.2% decrease 
in stress.  From the graph it can be seen that the peak stress at point (2) seems to be 
released and then reduces to the value at point (3). This behaviour indicates that this 
7.2% stress decrease has been shed or distributed to the other surrounding members. 
Then, the graph increases slightly to point (4) (compressive stress=227MPa, 
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compressive %strain=0.109) and at this point the member starts to become less 
effective due to load shed. This maximum compressive % strain equals 0.109 and is 
still within the elastic range. Also, the linear slope from point (2) to point (3) is the 
same as the slope from point (1) to (2). Likewise, members M222U and M223U are 
showing similar behaviour as member M221U, as can be observed in Figures 6.14(ii) 
and 6.14(iii) respectively.  
 
From Figure 6.14(vi) initially, member M401D behaves similar to members M221U, 
M222U and M223U but with a lower stress loss, whereby the stress loss for M401D is 
only 1.2% as compared to 7.4% in member M221U, 14.5% in M222U and  22.1% in 
M223U. Hence, member M401D seems to redistribute a much lower percentage of 
stress when compared to M221U, M222U and M223U. However from Figure 6.14(vi), 
member M401D after a stress decrease of 1.2% to point (3), it recovers a stress of 1.1% 
to point (4) (at Step E) and then decreases back to 1.0% to point (5) (at Step G) and 
then recovers 0.4% to point (6) and then finally becomes ineffective. This behaviour 
seen in member M401D indicates that when it loses its maximum stress carry capacity 
the surrounding members are carrying the redistributed load, and then when the 
member regains its capacity the other members stop carrying any additional 
redistributed load.  
 
M401D is the member carrying a large proportion of the load down to the support 
reaction after the first failure and because it is very stocky the load transfer through it 
will be fairly constant. Under the steady load plateau, shortening of member M401D 
continues until the member squashes.  Compared to the other diagonal compression 
members, the corner diagonal compression member M401D is the stockiest among the 
others which causes it to have a high buckling resistance which explain its behaviour 
shown in Figure 6.14 (vi).  
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As shown in Figure 6.14(iv) member M224U has a peak stress at point (2)       
(compressive stress=270.318MPa, compressive % strain=0.16096) and then reduces 
non-linearly to point (3) (compressive stress=191.491MPa, compressive % 
strain=0.12288).  This graph shows a slight deformation at point (3) which can lead to 
buckling. Figure 6.14(v) shows the graph for member M225U whose behaviour is 
similar to M224U. However the graph for M225U behaves linearly from point (1) to a 
peak at point (2) (compressive stress=278.6MPa, compressive % strain=0.180) and then 
the response collapses or buckles to reach point (3) (compressive stress=182.4MPa, 
compressive % strain=2.061).  This means that member M225U has a final compressive 
strain of 2.061%. This final strain is already in the plastic range and seems to be the 
highest as compared to the final strain values for the other five members, which is 
approximately only 0.11%. 
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Figure 6.14 (v)(a) Figure 6.14 (vi)(a) 
  
   
Figure 6.14 (v)(b) Figure 6.14 (vi)(b) 
Figure 6.14 Individual member behaviour (compression) around Step C for DLST with Support 
S1. 
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This steady state load-displacement response is caused by the inclusion of many stocky 
members in the DLST structure which squash instead of buckle, taking member M401D 
as an example (See Figure 6.14 (vi)). Generally, whenever a DLST includes long 
slender compression members, usually instability associated with buckling causes a 
steady reduction in load carrying capacity which is not shown in this case. However, in 
this present study, squashing of the compression members i.e. M221U, M222U, 
M223U and M401D cause a redistribution of stresses in which a portion of the load is 
then carried by nearby members.  
 
Figure 6.15 shows how the two members in tension, M5L and M14L have their stiffness 
values change after Step C. Their locations can be seen in Figure 6.7(iii) whereby 
member M5L is located at the lower level and outer perimeter and parallel to the upper 
layer members in Step C. Member M14L is also parallel to member M5L. Figure 6.16 
shows graphs of axial stress versus percentage strain and their individual graphs are 
also shown in Figure 6.17. All the graphs have the same slope or stiffness before they 
start to yield at point (1), stress=355MPa with % strain for M5L and M14L equal to 
0.1536 and 0.1550 respectively. Then the stress remains fairly constant until point (2), 
and the % strain are 0.2740 and 0.2172 for M5L and M14L respectively.  
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Figure 6.15 Member stress (tension) at Step 
C for DLST with Support S1 
 
Figure 6.16 Member behaviour (tension) 
around Step C for DLST with Support S1 
 
  
Figure 6.17 (i)                                                 Figure 6.17 (ii) 
Figure 6.17 Member behaviour (tension) around Step C for DLST with Support S1 
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Step D 
Due to the behaviour of the members in Step A to Step C, certain surrounding members 
in compression such as M231U, M232U, M233U, M234U and M320U and the tension 
member M15L have become distressed.  As can be seen in Figure 6.18, their stress 
values start off as linear and then reach a peak at Step D with the global vertical 
displacement of 557.10 mm and then become less effective due to load shed after 
reaching their peak values. Four out of the five members in Step B are parallel to the 
members in Step C as shown in Figure 6.7 (iv). One of the members which is M320U 
is connected and adjacent to the groups of members in Step C and Step D.  Their graphs 
of axial stress versus percentage strain are shown in Figure 6.19. Since the graphs are 
overlapping on the same slope, therefore each graph is shown individually in Figure 
6.20(i)(a) to 6.20(v)(a) and their graphs with enlarged scales are shown in Figure 
6.20(i)(b) to 6.20(v)(b) respectively. As shown in Figure 6.20 (i), (ii) and (v), the 
highest compressive stresses are 168.47MPa for M231U, 238.67MPa for M232U and 
65.65MPa for M320U. These three members behave similar to M401D (Figure 
6.14(vi)). Also, member M233U (Figure 6.20(iii)) behaves similar to M224U (Figure 
6.14(iv)). Member M234U (Figure 6.20(iv)) behaves similar to M225U (Figure 
6.14(v)), indicating that member M234U also buckles at compressive strain of 1.34%. 
As shown in Figure 6.21 member M15L has stress reaching the yield stress 355MPa.  
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Figure 6.18 Member stresses (compression) at 
Step D for DLST with Support S1. 
Figure 6.19 Member behaviour (compression) 
around Step D for DLST with Support S1.  
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Figure 6.20 (v)(a) 
     
  
Figure 6.20 (v)(b) 
        
Figure 6.20 Individual member behaviour (compression) around Step D for DLST with Support 
S1. 
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Figure 6.21 Member stress (tension) at Step 
D for DLST with Support S1 
 
Figure 6.22 Member behaviour (tension) 
around Step D for DLST with Support S1 
Step E 
In Step E Figure 6.23 member M4L starts to yield as can be seen in Figure 6.24. The 
location of M4L is in Figure 6.7(v). . 
 
Figure 6.23 Member stress (tension) at Step 
E for DLST with Support S1 
 
Figure 6.24 Member behaviour (tension) 
around Step E for DLST with Support S1 
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Step F 
At Step F member M329U reaches its maximum stress as shown in Figure 6.25. 
Location of this compressive member is shown in Figure 6.7(vi). Its behaviour is shown 
in Figure 6.26, graph of axial stress versus % strain. This behaviour is similar to 
member M223U (Figure 6.14(iii)) but with much smaller stress value.  
   
Figure 6.25 Member stress (compression) at 
Step F for DLST with Support S1 
Figure 6.26 Member behaviour (compression) 
around Step F for DLST with Support S1 
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Step G 
Figure 6.27 shows graphs of axial stress versus vertical displacement for diagonal 
members M405D and M409D that are in compression and have maximum axial stresses 
at Step G. After Step G, the stresses plateau out. These members are parallel to member 
M401D shown in Figure 6.14(vi). The graphs of axial stress versus % strain for these 
members are shown in Figure 6.28 and Figure 6.29. From Figure 6.29(i) and Figure 
6.29(ii), members M405D and M409D respectively behave similarly to M401D (see 
Figure 6.14(vi)).  
 
Step H 
Figure 6.7(viii) shows that members M234U and M330U are associated with Step H. 
Graphs of axial stress versus vertical displacement for these members are shown in 
Figure 6.30. These members are in compression and they reach their maximum stresses 
at Step H. Both graphs of axial stress versus % strain are shown in Figure 6.31 and 
individual graphs are shown in Figure 6.32. From Figure 6.32(i), member M243U 
reaches peak compressive axial stress equals to 342.16MPa at point (2) and then 
buckles to reach point (3) with compressive % strain equals to 0.64. This behaviour is 
similar to M225U (Figure 6.14(v)) and M234U (Figure 6.20(iv)). However, as shown 
in Figure 6.32(ii) member M330U behaves similarly to member M221U (Figure 
6.14(i)). The graph in Figure 6.32(ii) shows that after reaching its maximum stress at 
point (2) it distributes the stress to reach point (3) before it regains the stress back to 
reach point (4).  
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Figure 6.27 Member stresses (compression) at 
Step G for DLST with Support S1. 
Figure 6.28 Member behaviour (compression) 
around Step G for DLST with Support S1. 
  
  
 
Figure 6.29 Individual member behaviour (compression) around Step G for DLST with Support. 
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Figure 6.30 Member stresses (compression) at 
Step H for DLST with Support S1. 
Figure 6.31 Member behaviour (compression) 
around Step H for DLST with Support S1. 
   
 
   
 
Figure 6.32 Individual member behaviour (compression) around Step H for DLST with Support 
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Step J 
Figure 6.7(ix) shows the locations of compression members M241U and M242U and 
also tension member M25L, which are associated with Step J. Their maximum 
compressive axial stresses are shown in Figure 6.33 and their overall member behaviour 
are shown in Figure 6.34 and Figure 6.35. These members seem to behave similarly to 
member M221U (Figure 6.14(i)). Member M25L in tension has reach its yield stress as 
shown in Figure 6.37.  
 
Step K 
Figure 6.7(x) shows that member M347U is associated with Step K. Its maximum 
compressive axial stress is equals to 43MPa as shown in Figure 6.38 and its behaviour 
is shown in Figure 6.39. This behaviour is similar to member M221U (Figure 6.14(i)). 
However, compared to M221U with maximum compressive stress equal 243.2MPa, the 
value for M347U is very low. Figure 6.38 shows that member M347U experiences 
snap-through buckling at Step C. Hence, member M347U seems to be the first member 
that experiences snap-through buckling. This snap-through buckling happens at the 
same step, i.e. Step C when the adjacent member M225U buckles. There are three other 
members i.e. M348U, M349U and M350U also experiencing snap-through buckling at 
Step C. These members are adjacent to the members that buckled, which are M225U, 
M234U and M243U. However members described in the earlier steps, like member 
M241U and M242U (See Figure 6.33) do not seem to experience snap-through 
buckling. 
 
Step P (Final Step) 
There are a number of members that are not mentioned in the above steps. Here, there 
are two member examples used to describe their behaviour.  Hence, the behaviour of 
these members that are in compression is similar to M251U as shown in Figure 6.40 
and 6.41. As indicated in Figure 6.40 the axial stress has not yet reached a maximum 
and from Figure 6.41 the behaviour is still linear until Step P. However, the behaviour 
of those members that are in tension, is similar to member M1L whereby as shown in 
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Figure 6.42 although it has reach its maximum stress as shown in Figure 6.43 the 
behaviour is still within the linear range. The final deformed shape of the DLST is 
shown in Figure 6.44.  
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Figure 6.33 Member stresses (compression) at 
Step J for DLST with Support S1. 
Figure 6.34 Member behaviour (compression) 
around Step J for DLST with Support S1. 
  
 
   
Figure 6.35 Individual member behaviour (compression) around Step J for DLST with Support. 
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Figure 6.36 Member stress (tension) at Step 
J for DLST with Support S1 
 
Figure 6.37 Member behaviour (tension) 
around Step J for DLST with Support S1 
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Figure 6.38 Member stress (compression) at Step K for DLST with Support S1. 
 
Figure 6.39 (a) 
 
Figure 6.39 (b) 
Figure 6.39 Member behaviour (compression) around Step K for DLST with Support S1. 
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Figure 6.40 Member stress (compression) at 
Step P for DLST with Support S1 
Figure 6.41 Member behaviour (compression) 
around Step P for DLST with Support S1 
 
   
Figure 6.42 Member stress (tension) at Step P 
for DLST with Support S1 
Figure 6.43 Member behaviour (tension) 
around Step P for DLST with Support S1 
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Figure 6.44 (i) Deformed shape for DLST with Support S1 
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Figure 6.44 (ii) Enlarged view of deformed shape of DLST with Support S
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 Overall behaviour of the DLST structure with Support S1 
Figure 6.45 highlights the members considered as critical as explained in the previous 
section for DLST with Support S1. Subject to increasing load the first set of members 
to become nonlinear are tension members whereby yielding of lower chord members 
M2L (at Step A) and M3L (at Step B) is observed first. This implies that the design of 
this particular DLST structure can be categorised as a safe design and also, it is a ductile 
structure. As the maximum applied load is reached at Step C, then compression 
members start to buckle.  
 
After Step C onwards the load-carrying capacity of the structure remains fairly constant 
over a considerable range of displacement. The analysis stopped when the vertical 
displacement of Node 61 has reached 940.45mm at Step P. This means that the analysis 
ran into convergence problem part way through and has not completed. However in this 
type of nonlinearity which is causing this particular convergence problem, the 
equilibrium equations are still solvable because the DLST structure may possess post-
buckling reserve of strength. Generally after the point of the first failure of a 
compression member, post-buckling reserve of strength could occur in a DLST if the 
members adjacent to the buckled member are able to pick up the load transferred. Since 
the analysis stopped and did not complete, the post-buckling reserves of strength which 
the DLST may possess may be limited.  Hence, in this present study, after the first 
member, i.e. M225U has buckled the next member that buckles is a parallel member 
M234U, followed by another parallel member,  M243U which therefore leads to the 
progressive collapse of the DLST structure (See Figure 6.45). When M225U buckles, 
an adjacent member M347U experiences snap-through buckling. The above sequence 
of failure is similar to the Hartford Stadium failure which occurred in 1978 which was 
caused by the premature buckling of the compression members which led to the zip-
type progressive collapse starting at the perimeter centre of the roof running towards 
the centre of the truss. 
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Figure 6.45 Critical members in DLST with Support S1 
 
 Comparison between linear and nonlinear analysis 
As the applied load acting on the structure increases, the nonlinear finite element results 
exhibited by the DLST with Support S1 follow closely the behaviour predicted in the 
linear finite element analysis results. The first and second tensile members, M2L and 
M3L that yield are the same members that have highest DCR in tension in the linear 
analysis. The first three compression members to buckle, M225U, M234U and M243U 
and their sequence of buckling as shown in Figure 6.45 using nonlinear analysis in 
ABAQUS are same as when using linear analysis SAP 2000 as shown in Figure 5.20. 
The accuracy of the linear method was checked by comparing with the nonlinear finite 
element results for the same DLST model with Support S1. The nonlinear analysis 
using ABAQUS, gives the central node displacement as 467.98mm when the total 
applied load was 12123.96kN. Whereas, from the linear analysis using SAP 2000, with 
the same applied load the displacement is 453.4mm, which gives a difference of 3.12%. 
Hence both displacements are in good agreement.   
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 DLST with Support S2 
Figure 6.46 shows the load displacement behavior obtained for the DLST with Support 
S2. This model is supported with eight boundary supports which are positioned at the 
four corners (Node 1, Node 11, Node 111 and Node 121) and also along the centers of 
the outside perimeter grids (Node 6, Node 56, Node 66 and Node 116) of the lower 
chord (See Figure 4.4). The graph in Figure 6.46 shows a linear response until the total 
applied load is equal to 10415.41kN, which is at Step B. Then the structure is still able 
to support more applied load until it reaches a total applied load and vertical 
displacement of 12861.24kN and 510.21mm respectively (at Step F). Table 6.6 shows 
the sequence of yielded tension members associated with the steps in Figure 6.46.  
Figure 6.47 shows the critical members identified at each step which are highlighted in 
red. Whereas the members highlighted in blue are the members associated in the 
previous steps.  Details of each member behavior are discussed and shown in Figure 
6.48 to Figure 6.49.  
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Figure 6.46   Graph of Load versus Displacement at node 61 for DLST with Support S2
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Table 6.6 Remarks on the steps in Figure 6.46 for DLST with Support S2 
Step 
(Displacement) 
Member in 
Compression 
Member in Tension Behaviour 
 
A 
Fig 6.47(i) 
Fig 6.48 
 
- M163L Fig 6.49(i) Yields 
B 
Fig 6.47(ii) 
Fig 6.48 
- M161L Fig 6.49(ii) Yields 
C 
Fig 6.47(iii) 
Fig 6.48 
- M45L Fig 6.49(iii) Yields 
D 
Fig 6.47(iv) 
Fig 6.48 
- M162L Fig 6.(iv) Yields 
E 
Fig 6.47(v) 
Fig 6.48 
- M165 Fig 6.49(v) Yields 
F 
Fig 6.47(vi) 
Fig 6.48 
- M2L Fig 6.49(vi) Yields 
M35L Fig 6.49 (vii) Yields 
M154L Fig 6.49 (viii) Yields 
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Figure 6.47(i)  Member in red in Step A          Figure 6.47(ii) Member in red in Step B Figure 6.47(iii) Member in red in Step C 
Figure 6.47   Members in Step A to Step F 
Figure 6.47(iv) Member in red in Step D          Figure 6.47(v) Member in red in Step E Figure 6.47(vi) Members in red in Step F 
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Step A to Step G  
  
Figure 6.48 gives graphs of axial stress versus percentage strain for the eight members 
that have reached yield from Step A to Step F. In this figure it is shown that these eight 
members have the same slope within their elastic range, indicating that they have the 
same stiffness. Graphs of stress versus percentage strain for the eight members are 
shown individually in Figure 6.49 (i) to Figure 6.49 (viii).   
 
As the load is increased to 10028.76kN at Step A the first member to yield is M163L. 
This member is positioned at the center line of the truss model which is in between the 
center and outer perimeter center boundary support as shown in Figure 6.47(i).  It 
reaches yield stress of 355MPa at point (1) with % strain value of 0.1649 and final strain 
at point (2) at Step G with % strain value of 0.3243 (See Figure 6.49(i)).  
 
As the load and global displacement increases to 100415.15kN and 306.12mm 
respectively at Step B, member M161L starts to yield. Member M161L is situated in 
the same parallel line as member M163L and is attached to the center support of the 
DLST model (See Figure 6.47(ii)). Figure 6.49 (ii) shows the tensile stress versus 
percentage strain curve for M161L.  Member M161L reaches its yield stress at point 
(1) with a %strain of 0.1493. After it yields at point (1) the member undergoes an 
increasing displacement at a constant load until it reaches point (2) with a %strain of 
0.9287. After point (2), M161L experiences strain hardening and reaches its final state 
at point (3) with a stress value and % strain value of 390.58MPa and 2.8987 
respectively. The next member to yield at Step C is member M45L (Figure 6.49(iii)) 
under an applied load of 11286.5kN. The location of this tensile member is shown in 
Figure 6.47(iii).  Its behavior is similar with member M163L (Figure 6.49(i)) but with 
a lower % strain value i.e. 0.2027 at Step G. As the applied load increased, member 
M162L yields (Figure 6.49(iv)) followed by member M165L (Figure 6.49(v)) at the 
corresponding loads of 11629.76kN (Step D) and 12317.16kN (Step E) respectively. 
Both of these members are located at the center line and are in line with members 
M161L and M163L as shown in Figure 6.47(v). Yielding continues in the lower chord 
members i.e. member M2L, M35L and M154L as shown in Figure 6.49(vi) to (viii) 
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until the applied load reaches a value of 12861.05kN (Step F). Figure 6.50 shows the 
deformed shape for DLST with Support S2 
 
Figure 6.51 shows that there are eight critical members in tension for DLST with 
Support S2. Since strain hardening occurs in only one of the tension members, that is 
M161L this implies that this structure can proceed to take more load until a compression 
member buckles.  
 
In the nonlinear analysis using ABAQUS, the first member in tension that reaches yield 
is member M163L. This occurs when the total applied load is 10028.76kN and vertical 
displacement at Node 61 is 294.56mm. Also in the linear analysis using SAP 2000 as 
explained in Chapter 5, the first member to have the highest DCR is also member 
M163L, whereby its displacement equals to 286.1mm when the total load applied is 
10028.76kN. Therefore the difference in displacement between these two analyses is 
only 2.87%.   
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Figure 6.48 Member behaviour (tension) for DLST with Support S1 
    
 
Figure 6.49 (i)    Figure 6.49 (ii)    
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Figure 6.49 (iii)   Figure 6.49 (iv) 
 
     
Figure 6.49 (v) Figure 6.49   (vi) 
 
     
 
 
Figure 6.49 (i) to (viii) Individual member behaviour for DLST with Support S2
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Figure 6.50 Deform shape of DLST with Support S2
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Figure 6.51 Critical members in DLST with Support S2 
 
. 
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 DLST with Support S3 
Figure 6.52 shows the load displacement behaviour obtained for DLST with Support 
S3. The model is supported with a total number of forty supports which are located at 
every nodes of the outer perimeter lower chord of the structure. Figure 6.52 shows a 
linear response until Step A when the total applied load equals to 9939.15kN and a 
vertical displacement at Node 61 equals to 293.66mm. When the total vertical 
displacement of the central node of the model is 902.532 mm the total applied load has 
increased to 12252.8kN (at Step G). At this step the load can still rise as can be seen in 
Figure 6.52. However due to convergence problem the analysis stops. Table 6.7 shows 
the sequence of yielded tension members associated with the steps indicated in Figure 
6.52.  Figure 6.53 shows the critical members at each step which are highlighted in red. 
The members highlighted in blue are the members associated in the previous steps.  
Details of each member behavior are discussed and shown in Figure 6.54 to Figure 
6.55.  
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Figure 6.52   Graph of Load versus Displacement at node 61 for DLST with Support S3
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Table 6.7 Remarks on the steps in Figure 6.56 for DLST with Support S3 
Step 
(Displacement) 
Member in 
Compression 
Member in Tension Behaviour 
 
A 
Fig 6.53(i) 
Fig 6.54 
- M163L Fig 6.55(i) Yields 
- M165L Fig 6.55(ii) Yields 
- M153L Fig 6.55(iii) Yields 
- M45L Fig 6.55(iv) Yields 
B 
Fig 6.53(ii) 
Fig 6.54 
- M34L Fig 6.55(v) Yields 
- M35L Fig 6.55(vi) Yields 
- M143L Fig 6.55(vii) Yields 
C 
Fig 6.53(iii) 
Fig 6.54 
- M25L Fig 6.55(viii) Yields 
D 
Fig 6.53(iv) 
Fig 6.54 
- M24L Fig 6.55(ix) Yields 
E 
Fig 6.53(v) 
Fig 6.54 
- M23L Fig 6.55(x) Yields 
- M154L Fig 6.55(xi) Yields 
F 
Fig 6.53(vi) 
Fig 6.54 
- M15L Fig 6.55(xii) Yields 
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Figure 6.53(i)  Members in red in Step A          Figure 6.53(ii) Members in red in Step B Figure 6.53(iii) Member in red in Step C 
Figure 6.53(iv)  Members in red in Step D       Figure 6.53(v) Members in red in Step E Figure 6.53(vi) Member in red in Step F 
Figure 6.53 Members in Step A to F 
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Step A to F 
Figure 6.54 gives graphs of axial stress versus percentage strain for the twelve lower 
chords members in tension that have reached yield from Step A to Step F. In this figure 
it is observed that these twelve members have slightly different stiffness some of their 
thicknesses are different although they have the same outer diameter. Some of the 
members were designed to have thick sections because they are required to carry high 
loads and vice versa. Graphs of axial stress versus percentage strain are shown 
individually in Figure 6.55 (i) to Figure 6.55 (xii).   
 
As the load is increased to 9939.15kN at Step A the first set of members to yield are 
members M163L, M165L, M153L and M45L. As shown in Figure 6.53 (i) member 
M165L is located at the center of the truss model and is adjacent and also attached to 
member M45L. Member M163L is in line with M165L and parallel to M153L. All 
these four tension members reach their yield stress of 355MPa at point (1) and 
maximum %strain of 0.7656, 1.2144, 0.1663 and 1.1359 respectively at Step G. As the 
load increases from Step B to Step F yielding of the members continues as shown in 
Figure 6.55(v) to Figure 6.55 (xii).  Figure 6.56 shows the deformed shape of DLST 
with Support S3 whereas Figure 6.57 shows members that have reached yield from Step 
A to F. 
 
The members that reach yield are the lower chord members located near the center of 
the truss model. However, the analysis does not indicate failure due to the buckling of 
compression members, unlike the results obtained from the linear analysis where the 
member that was removed first was a compression member, i.e. M349U (See Table 
5.23).  However, in the linear analysis, among the tension members that have the 
highest and second highest DCR are M163L and M165L respectively (See Table 4.11). 
Also, in the nonlinear analysis, the members that reach yield first include M163L and 
M165L in Step A. Hence, the above shows similarities between the two analyses.  
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In this nonlinear analysis using ABAQUS, M163L reaches yield at Step A which occurs 
when the total applied load is 9939.15kN and the corresponding vertical displacement 
at Node 61 is 293.66mm. In the linear analysis using SAP 2000 as explained in Chapter 
5, the first member in tension to have the highest DCR is also member M163L, whereby 
corresponding displacement is 289.7mm when its load is 9939.15kN. Therefore, the 
difference in displacement between these two analyses is only 1.35%.   
 
Figure 6.54 Member behaviour (tension) for DLST with Support S1 
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Figure 6.55(iii) Figure 6.55(iv) 
    
Figure 6.55 (v) Figure 6.55 (vi) 
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Figure 6.55 (ix) Figure 6.55 (x) 
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Figure 6.55 (i) to (xii) Individual member behaviour for DLST with Support S3 
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Figure 6.56 Deformed shape of DLST with Support S3 
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Figure 6.57 Critical members in DLST with Support S3 
 
 
 
 
 
 
 
 
 
 
 
 
Chapter 6– Nonlinear Analysis of Full Scale DLST 
 
 
250 
 
6.6 Comparison between the three different support conditions 
The three DLSTs with different support conditions each have the same configuration, 
member length and member connections. Even their superimposed dead load and 
imposed dead load are the same as explained in Section 4.3.1.3. However their self -
weights are different, since each DLST was designed separately and the member 
sections were designed automatically by the software SAP 2000. As shown in Table 
6.1, 6.2 and 6.3 the lower chord members for DLSTs with Support S1 and Support S3 
have the largest and smallest member outer diameters respectively. This is also the same 
for the upper chord and diagonal members. Hence the DLSTs with the most number of 
stocky members and the most number of slender members are with Support S1 and 
Support S3 respectively. When considering the efficiency related to structural weight, 
the DLST with Support S1 has the highest self-weight followed by the DLST with 
Support S2 and the lowest is with Support S3, where the weights are 1.073kN/m2, 
0.472kN/m2 and 0.396kN/m2respectively as shown in Table 4.7.   
 
Figure 6.58 Comparison of load-displacement curve for DLST with Support S1, S2 and S3 
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Figure 6.6, 6.46 and 6.52 show graphs of load versus vertical displacement at Node 61 
for DLSTs with Support S1, S2 and S3 respectively. These graphs are shown together 
in Figure 6.58. Considering only the linear portion of the graphs, Figure 6.52 shows 
that for DLST with Support S3 at load equals to 9939.15kN the corresponding 
displacement is 293.66mm. Since its self-weight is 1425.0kN, therefore the loading 
excluding self-weight is 8514.15kN. Similarly for DLSTs with Support S2 and S1, 
when the displacement is 293.66mm, the loads (excluding self-weight) are 8293.52kN 
and 6143.99kN respectively. Therefore, DLSTs with Support S1 and Support S3 carry 
the least and most loads respectively. This implies that a DLST having more number 
of supports can carry more load compare to when it has less number of supports. 
Moreover, the DLST with Support S2 (having eight number of supports) carries only 
slightly lower load than DLST with Support S3 (forty number of supports). This 
indicates that additional supports may only slightly increase efficiency of the structure.  
 
The different number of supports considerably influences considerably the stress 
distribution of the members in the DLST structures. The distribution of stresses shown 
in Figure 6.45, Figure 6.51 and Figure 6.57 indicate the critical members that reach 
yield and buckle for the DLSTs with Support S1, S2 and S3 respectively. As seen in 
Figure 6.45 for DLST with Support S1, the outer upper chord perimeter members attract 
much more loading than the in compression corner diagonal member close to the corner 
support i.e. M401D. Consequently, this helps to reduce the axial load of the corner 
diagonal member.  Therefore the first compression member to buckle is M225U (See 
Figure 6.14(v)) situated at the center of the perimeter outer upper chord, instead of the 
corner diagonal member, M401D which experiences plastic squashing (See Figure 6.14 
(vi)). Whereas the stress distribution in the DLST with Support S2 and Support S3 are 
different. As seen in Figure 6.51 for the DLST with Support S2 the member that yields 
first is a member situated near the center of the space truss i.e. M163L.  The next 
member to yield is situated close to the intermediate support. Similarly for DLST with 
Support S3 the first member that yields is also M163L as shown in Figure 6.57. 
However, the next member to yield is a member adjacent to M163L. Hence the above 
shows that DLSTs with Support S2 and S3, i.e. having one and nine intermediate 
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supports at the mid length of their outer perimeters respectively, considerably influence 
the member behaviour compare to a DLST without any intermediate support i.e. 
Support S1. However, there is only slight influence when the number of intermediate 
supports is increased from one to nine. Therefore the DLST with Support S1 i.e. without 
intermediate support is comparatively more vulnerable than DLST with intermediate 
supports.  
 
By inserting more intermediate supports, a lighter structure is certainty obtained, 
however, it would be difficult to conclude whether the DLST with Support S2 is more 
robust than DLST with Support S1 or DLST with Support S3 is more robust than DLST 
with Support S3. This is because the post elastic response of the three DLSTs was not 
seen in the load-deflection curve as at the end of the linear elastic response is the start 
of the plateau. Normally different initial stiffness of the members in the DLST does 
have a considerable effect towards the post elastic response of the structures. Even 
though the initial slopes of all three space trusses are in an order of Support S3> Support 
S2> Support S1, again it would be difficult to relate any post-elastic response when the 
nonlinear analysis investigated in this study stopped short of responses beyond plateau 
or at peak. Based on Figure 6.58 it can be concluded that DLST with Support S1 is less 
stiff compared to DLSTs with Support S2 and S3 because under the same load it 
deflects the most. However, DLSTs with Support S2 and S3 seem to have the same 
stiffness.   
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6.7 Concluding Remarks 
In this present study, analysis and results of the nonlinear behaviour of the three full 
scale DLST structures are obtained using software ABAQUS applying the Riks 
method. The three DLSTs with three different support conditions analyzed using 
ABAQUS was found capable of simulating the collapse behavior of each DLSTs and 
overall structural behavior of the structure. The member behaviour recorded in this 
chapter are compared with the linear static results obtained from software SAP 2000 
given in Chapter 5.  In general it can be said that there was a good agreement between 
the linear and nonlinear analysis results. Similar behaviour are seen in both results 
especially for the DLST with Support S1.  
 
The nonlinear finite element model was able to simulate the overall collapse of 
compression members due to buckling, overall collapse due to crushing, and collapse 
with and without snap through, whereas for tension members yielding with and without 
strain hardening were observed. For DLST with Support S1 it can be concluded that 
the corner diagonal members and members along the perimeter upper chord in 
compression are the most critical members. The first compression member to buckle is 
the center perimeter upper chord \member which then leads to the failure of the whole 
structure. It is suggested that in order to improve the resistance to progressive collapse 
the corner diagonal compression members and the members along the perimeter upper-
chord should be designed with a higher factor of safety than the other members.  This 
is done by over-sizing these members in order to push failure away from the supports 
into the central region of the structure. However DLST with Support S2 and S3 are 
found to withstand gradual losses of stiffness induced by yielding of several lower-
chord members. 
 
Normally in practice the members are connected using pin connections. In the design 
process, the member connection can be considered as fixed, pinned or somewhere in 
between depending on how the member connections are assigned.  Because this 
analysis is done automatically by SAP 2000, the choice of effective length requirement 
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is dependent on the choice of code chosen. However, in the design as explained in 
Chapter 4, the members are connected using fix connections. Hence, results obtained 
in this present study are by assuming both ends of each member are as fixed connected. 
However, if the ends are assumed as pinned, then subject to the same loading the 
structural members have lesser DCR values and the structural deflection is 
comparatively higher. 
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7  Conclusions and Recommendation 
7.1 Conclusions  
The discussion and conclusions arrived at in this study are presented in three main 
groups according to the three main objectives of the study. These conclusions can be 
expressed in the following three categories. 
 How to validate two numerical models of square-on-square double 
layer space trusses, using pre-existing experimental models 
conducted by Parke (1988) 
 This present study has been concerned with the progressive collapse behaviour 
of DLST structures. To fulfil the first objective of the present study is to 
establish a numerical finite element method to predict the behaviour of the 
structures.  The results of the analysis of two square-on square DLST systems 
are used to compare the collapse behaviour of two physical steel models 
considering different parameters including loading and member dimensions. It 
is shown that the collapse behaviour of this type of structures involves yielding 
of tension members and more importantly buckling of compression members. 
The collapse behavior in Model 2 is due to the sudden buckling of compression 
members which is associated with sudden catastrophic failure while Model 1 
experiences extensive yielding of tension members which is associated with 
ductile behavior.   
 
 Using numerical modelling, the progressive collapse behaviour of the structure 
subject to increasing applied load could be traced up to complete collapse. It 
has been indicated that either both Newton or Riks methods of solving analysis 
show a significance influence to the entire load-displacement response for 
Model 1 and Model 2 investigated in this study. This is perhaps due to the non-
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linear behaviour of the space truss structure and involves both geometrical and 
material nonlinearity which requires careful modelling in order to predict 
member buckling and/ or complete collapse. Using Newton’s method, the 
increase in loading and corresponding decrease in stiffness can only be followed 
provided the structural stiffness does not decrease to zero. However if zero or 
negative stiffness occur then the load-displacement response can be followed 
using Riks’s Method, which allows the simulation of the post ultimate 
behaviour in the response of the space truss structure.  
 
 This research showed that insight into how sensitive a DLST is to progressive 
collapse is most important. The numerical simulation presented was undertaken 
in order to verify the finite element analysis with existing experimental results. 
Acceptable agreement between the experimental results has been obtained, 
since the proposed methods give a similar prediction of the space truss collapse 
process up to the point where it signifies the first failure in both models. This 
demonstrates that a relatively simple approach can be used to model the collapse 
behaviour where only tensile yielding results in a ductile structural behaviour. 
However where buckling of compression members is the primary cause of 
collapse the load-displacement response can be caused by snap-through,  
buckling and squashing of the members and it is therefore necessary to simulate 
the entire collapse pattern beyond point B (see Figure 3.15) using Rik’s  method. 
Whereas when the first member to rupture is a bottom tension member (point 
A, see Figure 3.18) member removal strategy using Newton’s method is used 
instead.  
 
 This is important so that the full phenomena of progressive collapse can be 
understood clearly. In addition, where the collapse is triggered by the sudden 
buckling of a compression member careful consideration must be given to 
assess the level of imperfection to be used in the analysis as this may determine 
the ultimate capacity of the structure. 
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 How to determine the vulnerability index to progressive collapse of 
three full scale DLST structures with two different member removal 
cases and three different support conditions, using linear static 
analysis 
 
 The determination of Vulnerability index is used to investigate the likelihood of 
progressive collapse of double-layer space trusses (DLSTs). Progressive 
collapse analysis of Case 1 and Case 2 member removal was conducted 
following the General Service Administration guidelines using the Alternate 
Load Path Method (ALPM). In Case 1, one member is removed individually 
and in Case 2 more than one members are removed progressively in order to 
imitate the sequence of member losses or damages. Elastic static analysis was 
conducted for each of these cases using 3D full scale DLST models. Demand 
Capacity Ratios (DCRs) obtained from the analysis are used for the 
determination of the Vulnerability Index for progressive collapse of the 
structures. Vulnerability Index assessment is used to evaluate the risk and how 
vulnerable each DLST is due to member removal using two approaches, i.e. 
Rate Factor Approach and Probabilistic Approach. A statistical correlation 
between both approaches is then determined to identify the closeness of both 
approaches. Finally a risk vulnerability index assessment for Case 1 on the 
damage scenario and likelihood of members becoming overstressed after 
member removal is then assessed.  
 
 The vulnerability index assessment determines which members are considered 
as critical, since upon their removals could lead to progressive collapse of the 
DLST structure. This assessment conducted is relatively simple and can be used 
by practicing engineers. This assessment has also shown to be a viable method 
for identifying the DCR increase after member removal inherent in the DLST 
structure based on the ALPM.  
Chapter 7 – Conclusion and Recommendation 
 
 
258 
 
 
 Virtually for all cases of member removal scenario, the DLST structure 
performs differently when different support system was used and different 
positions of critical members are identified. As in Case 1 member removal for 
DLSTs with Support S1, S2 and S3 as shown in Table 5.18, 5.19 and 5.20 there 
are eleven, seven and one numbers of members respectively are considered as 
vulnerable. Hence, these results show that when there is less number of 
constraints, more number of members is at high risk to cause progressive 
collapse to the entire structure. The above numbers of vulnerable members are 
obtain using Probabilistic Approach. However using Rate Factor Approach the 
same vulnerable members are identified.    
 
 Secondly members identified as isolated members when removed could cause 
total collapse of a structure while members with high DCR if removed could 
cause moderate damage to the structure. For example, for a structure supported 
by four corners (DLST with Support S1), with the removal of an isolated 
member i.e. the corner diagonal member (M401D) gives the most catastrophic 
consequences. The members with high DCRs situated at the perimeter lower 
and upper chord members (M1L, M2L, M3L,M4L, M5L, M221U, M222U, 
M223U, M224U and M225U) (See Table 5.18) when removed give severe 
damage to the structure. The DLST with one intermediate support at the mid 
length of each edge (DLST with Support S2), removal of the inside member 
attached to the intermediate support (M161L) (Table 5.19) gives the most 
catastrophic consequence. With fully supported along all boundaries (DLST 
with Support S3) removal of a member at the center (M165L) (Table 5.20) 
causes severe consequences. These members have high consequences if 
removed because they carry large portion of the load. Therefore, increasing the 
number of supports, reduces the number of isolated members and members 
categorized under severe consequences. It is noted that special attention has to 
be given to structures with isolated members and members with severe 
consequences as loss or damage of these members could cause a triggering 
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event leading to disproportionate collapse. The consequences of severity upon 
each member removed are combined with the consequences of likelihood in 
order to assess for the level of risk assessment in the DLSTs. Even though a 
member is with low likelihood but with high consequences then it still has to be 
designed for the worst case. This Vulnerability Index assessment is important 
as it is able to evaluate the tolerable risk threshold of the structure. The 
vulnerability risk assessment proposed in this study identifies vulnerable 
members whereby factor of safety of these members should be increased. 
 
 Case 2 removal gives the collapse path of the DLSTs when members in 
compression having the highest DCR is removed one by one until a certain 
number like five members are removed. However, removal of more than five 
members is unnecessary because at this stage some of the members are already 
having very high DCRs. In the analysis the member with the highest DCR is 
removed and the structure is analysed with the missing member. This gives 
insight into the loss in resistance of the system due to the removed member. 
This procedure is followed by removing another member in compression with 
the next highest DCR. The severity of consequences after each member removal 
can be confirmed using Probabilistic Approach and also Rate Factor Approach. 
This sequence of member removal gives the collapse path which is to be 
compared with the collapse path obtained in Chapter 6 using nonlinear analysis. 
If using linear analysis is found to be similar to the nonlinear analysis then it 
can be suggested that using linear analysis can be adopted knowing that linear 
analysis is much simpler comparatively. Hence, using linear analysis may be 
able to give indication of critical members but it may not give enough insight 
into each member behaviour in terms of its stress and strain. 
 
 Most notably, this is the first study to investigate the progressive collapse 
analysis using Rate Factor and Probabilistic approach. The results provide 
compelling correlation between both approaches and suggest either approach 
appear to be effective counteracting critical members that may cause 
progressive collapse to the DLST structure. 
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 The Rate Factor and Probabilistic Approach for structural vulnerability offers a 
logical and consistent framework for data analysis, naturally incorporating the 
case of a single parameter (i.e. DCR) and a large number of dispersed data. The 
approach also leads to unambiguous measurement results useful in identifying 
vulnerable members in a structural system that can cause disproportionate 
collapse due removal of its members. In order to compare the vulnerability 
between the three DLSTs with different types of support conditions, the removal 
of a critical member can cause the collapse of the entire structure. This 
procedure may not give enough insight in to the collapse path but it may provide 
enough insight into the resistance of the structure due to the loss of a critical 
member.  
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 How to determine the collapse path of three full scale DLSTs 
structures using nonlinear static analysis. 
 The nonlinear analysis of a full scale DLST was carried out using ABAQUS 
based on the Riks Method in order to investigate the overall behavior of the 
structure. The DLSTs were analyzed to determine their collapse load path. The 
results indicate that the effect of buckling of a compression member is more 
catastrophic than the fracture of a tension member. The collapse sequence for 
DLST with Support S1 shows that the first failure is from a compression 
member which then led to buckling of a parallel member and another parallel 
member. Consequently the structure may collapse since it cannot take any more 
load. However, the additional intermediate supports in DLSTs with Support S2 
and S3 cause them to have higher degrees of indeterminancy compared to DLST 
with Support S1. Hence, DLSTs with support S2 and S3 can take comparatively 
higher load and therefore they may not necessarily collapse. DLST with Support 
S3 is with higher degree of indeterminancy compare to DLST with Support S2. 
Therefore yielding of many tension members due to high degree of 
indeterminancy in DLST with Support S3 leaves the structure to have larger 
displacement then DLST with Support S2. However, the displacement after the 
elastic range for the three DLSTs cannot be compared since the analysis stopped 
due to convergence problem.  
 
 The nonlinear behavior of all three DLSTs firstly begins with yielding of a 
tension member. Compression members in DLST with Support S1 buckled 
simultaneously after yielding of the first two tension members, but the other two 
DLSTs only exhibit yielding of many lower-chord tension members. Since 
buckling of the three compression members is observed in DLST with Support 
S1, the entire system may proceed rapidly to total collapse. With failure in 
tension members especially strain hardening in DLST with Support S2 and S3 
can increase the structures resistance before failure occurs. Between the three 
DLSTs , it might be expected that DLST with Support S3 is the most redundant 
or robust and would have a higher factor of safety due to the low weight ratio 
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and more number of supports compared to the other two supports. However, 
this is not necessarily true as redundant members does not prevent a collapse of 
a structure. Therefore in order to evaluate the collapse load of the structure it is 
necessarily to determine the collapse path due to the loss of members as a 
structural redundancy or robustness is defined as the ability of the structure to 
be able to sustain its design load due to the loss of one or more members. The 
progression of member failures leading to a structural collapse for DLST with 
Support S1 has a good agreement with the linear analysis as it was able to 
predict the failure up to three compression members. Based on the results it is 
important to note that the buckled member which have buckled can still carry 
some load.  
 
 The identification of critical member are the members that are heavily loaded 
in compression. Based on the linear results, the same members that have the 
highest DCR are observed to be the first of members that buckled in the 
nonlinear analysis. 
 
 Generally a nonlinear analysis procedure gives more detail and accurate results. 
However, this procedure is more complex than a linear static analysis 
procedure. The results using both linear and nonlinear analysis of progressive 
collapse of the three full scale DLSTs are obtained and compared. The results 
for DLST with Support S1 show that the use of linear analysis in Case 2 member 
removal can be used to predict the failure of the first three compression 
members. Also, in the linear analysis members in tension with highest DCR 
before member removal are found to be the same as the first group of members 
to yield in the nonlinear analysis for the three DLSTs. 
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 Novelty of the present study 
It is discovered that the linear analysis results can provide guide for engineers to avoid 
complicated analysis and identify vulnerable members that can cause progressive 
collapse. Therefore the linear analysis can help to quantify the nonlinear analysis results 
and may be use as a powerful mean that it too can give the same response/results with 
the nonlinear analysis. The benefits gained from the Vulnerability Index that may 
address either existing or new DLST structures for the assessment of the potential of 
progressive collapse due to damage or loss of their members.  Hence, from the 
Vulnerability Index of the DLST structures engineers can discover severity of structural 
failures that may occur due to removal of critical members.  
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7.2 Recommendations  
The numerical method presented in this study has demonstrated that there are several 
suggestions on the collapse behavior of DLSTs that could be extended for further study. 
The suggestions are as follows: 
 The present analysis has been simulating the experimental collapse patterns by 
applying member removal strategy whereby the member that reaches its rupture 
strain is removed by editing manually the input file of the DLST model. 
Therefore, future work should include follow up analysis using an automatic 
removal strategy instead of manual removal, whereby it searches the members 
that exhibit a tensile failure and is removed automatically by the software when 
the failure criterion is met.  
 Presently, this investigation is only considering one type of configuration i.e. 
square-on-square double-layer rectangular space grid as shown in Figure 4.1. 
Further investigation should be performed on different configuration of DLST 
such as triangular, square-on-diagonal and diagonal-on-square structures to 
investigate its vulnerability index. If similar trends of behaviour are observed 
for different DLST configurations then it may be possible to develop a design 
guideline which will give rise for space structures subject to progressive 
collapse. 
 The present study considers the effect of removing an individual member in 
tension or compression due to damage or loss of the member. Further 
investigation can be carried out to study the structural behaviour subject to 
explosion or fire loading causing 20 of its members to fail. Outcome of this 
investigation may ensure that the structure will not collapse even though many 
of its members have already failed. 
 Further investigation due to disproportionate collapse can be studied. By 
removing one or more of the key or intermediate columns as in DLST with 
Support S2 or S3, disproportionate collapse may occur. 
 Further investigation on effects of temperature and having different member 
materials can be studied.   
Chapter 7 – Conclusion and Recommendation 
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 Due to large numbers of structural members from several hundreds to 
thousands, any data calculations involved would be massive and time 
consuming. Hence, should develop a computer program or software that will 
calculate automatically instead of manually for the data results.  
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Appendix 1A Design load for Double-Layer Space Roof 
Truss (DLST) 
A.1 Introduction 
This calculation sheet deals with the design of a square-on-square double-layer 
space truss roof structure. The space truss shown in Figure A.1 is part of the 
roof structure using tubular steel covering an area of 60.0 x 60.0 m. The lower 
chord members are arranged in a 10 x 10 square grid and the upper chord 
members are a 9 x 9 square grid with upper chord plan dimensions of 54.0 m 
square. The structure with a depth of 4 m allows every member to be the same 
length.  
 
 
 
Figure A.1 Plan View of Double-Layer Space Truss 
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Figure A.2 shows the elevation view of the space roof truss structure. This 
roof structure is designed to be not accessible for normal maintenance and 
repairs. 
 
 
 
 
Figure A.2 Elevation view of DLST 
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A.2 Characteristics actions  
 
The following design data are used to design the roof loadings This example 
defines the characteristics values of the actions that act on the roof truss 
structure shown in Figure A.1.   
 
Determination of vertical loads on DLST 
Permanent actions (gk,r) 
Type of loading considered 
 
 Self-weight of truss members (automatically determine by SAP 2000 
software) 
 Roof and insulation                                                       = 0.25 𝑘𝑁/𝑚2 
 Ceiling                                                                           = 0.10  𝑘𝑁/𝑚2 
 Purlins                                                                           = 0.05 𝑘𝑁/𝑚2 
 Services                                                                         = 0.15 𝑘𝑁/𝑚2 
 
TOTAL permanent actions (gk,r) are 𝟎. 𝟓𝟓 𝒌𝑵/𝒎𝟐 
 
Variables actions (qk,r) 
Type of loading considered 
 
Imposed load on roof – Category H: Roof not accessible except for normal 
maintenance and repair 
 
 Imposed loads on roof  = 0.6 𝑘𝑁/𝑚2 
 
 
TOTAL variable actions (gk,r) are 𝟎. 𝟔 𝒌𝑵/𝒎𝟐 
 
 
Detail description of how to calculate snow load is shown in Appendix 1B. 
 Snow load on roof  = 0.4𝑘𝑁/𝑚2  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
BS EN 1990 
Table 
NA.A1.2(B) 
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A.3 Factors on actions  
Table NA.A1.2 (B) shows the values of partial safety factors (𝛾) not involving 
geotechnical actions applied to loads to be used for ultimate limit state design 
obtained in National Annex to BS EN 1990 design codes used in the UK. 
 
Partial factors: 
Unfavourable  
 
 Permanent actions (unfavorable)                                𝐺𝑘𝑗,𝑠𝑢𝑝 = 1.35 
 Reduction factor for unfavorable permanent actions           𝜉 = 0.925            
 Variable actions  (unfavorable)                                       𝑄𝑘,1 = 1.5 
 
 
Factors on accompanying actions: 
 
2 Imposed loads in buildings – Category H: roofs              𝜓0  = 0.7 
3 Snow loads on buildings                                                    𝜓0 = 0.5 
-for sites located at altitude 𝐻 < 1000 𝑚 𝑎. 𝑠. 𝑙 
 
 
A.4 Combination of actions for ultimate limit state (ULS) 
 
Expression (6.10), (6.10a) and (6.10b) are considered whereby the critical load 
combination will be selected to design the DLST. In this roof design there are 
no pre-stressing actions hence 𝑷 = 𝟎  
 
∑ 𝛾𝑗≥1 G,jGk,j +γpP +γQ,1Qk,1 +  ∑ 𝛾𝑖>1 Q,iψ0,iQk,1                                                (6.10) 
∑ 𝛾𝑗≥1 G,jGk,j +γpP +γQ,iψ0,iQk,1 +  ∑ 𝛾𝑖>1 Q,iψ0,iQk,1                                         (6.10𝑎) 
∑ 𝜉𝛾𝑗≥1 G,jGk,j +γpP +γQ,1Qk,1 +  ∑ 𝛾𝑖>1 Q,iψ0,iQk,1                                              (6.10𝑏) 
 
 
 
 
 
BS EN 1990 
§6.4.3.2 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
BS EN 1990 
Table NA.A1.1 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
University of Surrey, 
Guildford, 
Surrey, 
GU2 7XH 
United Kingdom 
CALCULATION SHEET 
Job No. DLST (1A) 
Sheet 278 to 
304 
Job Title    Design of a Double-Layer Space Roof Truss (DLST) 
Eurocode Ref 
Made by     Yazmin Sahol Hamid Date  28/07/11 
Checked by  Prof. Gerard A.R. PARKE and Dr.Peter Disney  Date 
 
278 
 
A.5 Design values of actions 
The combination of actions for the double-layer space truss roof structure is 
subject to only permanent and variable actions. 
 
Permanent action (Dead local) = 0.55 kN/m2 
Variable action (Imposed Load) = 0.6 + 0.4 =1.0 kN/m2 
 
Load combination using expression 6.10  
1.35  x 0.55 + 1.5  x 1.0 = 2.24 kN/m2 
Load combination using  expression 6.10a  
1.35 x  0.55 + 1.5  x 0.7 x 1.0 = 1.79 kN/m2 
Load combination using  expression 6.10b  
0.925 x 1.35  x 0.55 + 1.5  x 1.0 = 2.19 kN/m2 
 
Therefore, Ultimate Design Load is taken as 2.24 kN/m2. 
 
 
 
Summary of the load combination used in SAP 2000 for analysis and 
design  
 
Load combination : 1.35Gk,j +1.5Qimp 
 
Summary of the vertical permanent and variable load acting on roof 
 
Table A.1: Permanent and variable loads on roof  
 G 
(kN/m2) 
Q 
(kN/m2) 
Roof 0.55 1.0 
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A.6 Determination of distribution forces on nodal points of 
DLST 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
10 @ 6m = 60m 
9 @ 6m =54m  
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Example calculation for point load acting on nodes 
 
Plan area supported by Node 133 = 6m x 6m = 36m2 
Total un factored load on Node 13 = (Floor area supported) x (Magnitude of 
distributed load/m2) 
Total Dead Load         = 36m2 x 0.55
𝑘𝑁
𝑚2
 = 19.8 kN 
Total Live Load = 36m2 x 1.0 
𝑘𝑁
𝑚2
 = 36.0 kN 
 
 
Plan area supported by Node 123 = 28.1m2 
Total un factored load on Node 123 = (Floor area supported) x (Magnitude of 
distributed load/m2) 
Total Dead Load = 28.1m2 x 0.55
𝑘𝑁
𝑚2
 = 15.46 kN 
Total Live Load = 28.1m2 x 1.0 
𝑘𝑁
𝑚2
 = 28.1 kN 
 
 
Plan area supported by Node 122 = 19.1m2 
Total un factored load on Node 122 = (Floor area supported) x (Magnitude of 
distributed load/m2) 
Total Dead Load = 19.1m2 x 0.55
𝑘𝑁
𝑚2
 = 10.51 kN 
Total Live Load= 19.1m2 x 1.0 
𝑘𝑁
𝑚2
 = 19.1 kN 
 
Plan area supported by Node 1 = 10.1m2 
Total un factored load on Node 122 = (Floor area supported) x (Magnitude of 
distributed load/m2) 
Total Dead Load = 10.1m2 x 0.55
𝑘𝑁
𝑚2
 = 5.56 kN 
Total Live Load = 10.1m2 x 1.0 
𝑘𝑁
𝑚2
 = 10.1 kN 
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Plan area supported by Node 2 = 10.1m2 
Total un factored load on Node 122 = (Floor area supported) x (Magnitude of 
distributed load/m2) 
Total Dead Load = 10.1m2 x 0.55
𝑘𝑁
𝑚2
 = 5.56 kN 
Total Live Load = 10.1m2 x 1.0 
𝑘𝑁
𝑚2
 = 10.1 kN 
 
Table A.2 Total unfactored point load applied on nodes in the structural analysis 
 
Node Number Total 
unfactored 
Dead Load 
(kN) 
 
Total 
unfactored 
Imposed 
Load (kN) 
 
1, 11, 121, 111 5.56 10.1 
2,3,4,5,6,7,8,9,10,12,22,23,33,34,44,45,55,
56,66,67,77,78,88,89,99,100,110,112,113,
114,115,116,117,118,119,120 
5.56 10.1 
122,131,212,221 10.51 19.1 
123,124,125,126,127,128,129,130,132,141,  
142,151,152,161,162,171,172,181,182, 
191,192,201,202,211,213,214,215,216, 
271,218,219,220 
15.46 28.1 
133,134,135,136,137, 
138,139,140,143,144,145,146,147,148, 
149,150,153,154,155,156,157,158,159, 
160,163,164,165,166,167,168,169,170, 
173,174,175,176,177,178,179,180,183, 
184,185,186,187,188,189,190,193,194, 
195,196,197,198,199,200,203,204,205206,
207,208,209,210 
 
19.8 36.0 
 
The unfactored dead and imposed load for all nodes listed in Table A.2 
will be assigned on the DLST structure model in SAP 2000. The dead and 
live load were then combined using the load combination summarized in 
section A.5.  
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Appendix 1B : Calculation of snow load  
B.1 Introduction 
The followings describe the determination of loads on the space roof truss. One 
types of actions are considered i.e. Snow actions. 
 
Basic data 
Total length, b = 60 m 
Spacing: s = 6 m 
Depth: d = 4 m 
Height above the ground level: h  = 17 m 
 
 
 
Figure B.1 Three dimensional view of DLST  
 
 
 
 
EN 1991-1-3 
§5.2.2 eq 5.1 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
EN 1991-1-3 
§5.3 Table 5.2 
 
 
 
 
 
 
 
 
 
EN 1991-1-3 
Annex C  
Table C.1 
 
 
 
 
 
 
 
 
4.0m 
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Determination of Snow load: 
General 
Snow loads on roof should be determined as follows: 
𝑠 = 𝜇𝑖𝑥𝑐𝑒𝑥𝑐𝑧𝑥𝑠𝑘 
 
Where: 𝜇𝑖
 is the roof shape coefficient 
  𝑐𝑒  is the exposure coefficient, usually taken as 1.0 
  𝑐𝑡 is the thermal coefficient, set to 1.0 for normal situations 
  𝑠𝑘 is the characteristic value on ground snow load for the relevant     
                        altitude 
 
 
Roof shape coefficient 
The roof shape coefficient depends on the roof angle. 
00 ≤ α ≤ 300  >> μi = 0.8 
 
Snow load on the ground 
The characteristic value depends on the climate region. 
For a site in Guilford, Surrey (United Kingdom) the following expression is 
relevant: 
Sk = 0.140Z – 0.1 + 
𝐴
501
 kN/m2 
 
where: z  is the zone member (depending on the snow load on sea level),  
   here: z=2 
 A is the site altitude above Sea Level (m) here A = 0.2 m 
Sk = 0.140(2) – 0.1 + 
0.2
501
 = 0.1796 kN/m2 
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Snow load on the roof 
s = 0.8x 1.0 x1.0 x 0.1796 = 0.14368 kN/m2  
Spacing = 6 m 
 
>>  for an internal grid L  
s = 0.14368 x 6 =  0.862  kN/m 
    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
54.0 m 
60.0m 
4.0m 
s = 0.862 kN/m 
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